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ABSTRACT
The purpose of the present work was to
characterize the origin and properties of
Semliki Forest virus (SFV) RNA replica-
tion complex (RC). SFV, an alphavirus,
replicates its RNA in association with spe-
cif ic cytopathic vacuoles (CPVs), derived
from endosomal vesicles. Membrane as-
sociated genome replication is a general
feature of all eukaryotic positive strand
RNA viruses. The viral components of
SFV RC are translated as a polyprotein
P1234, which is processed by regulated
autoproteolysis to four mature proteins,
nsP1-nsP4. Processing intermediate P123
and mature nsP4 form a temporary RNA
polymerase complex synthesising the
complementary minus strand, whereas
mature, processed nsPs form the stable RC
responsible for the amplif ication of ge-
nomic and subgenomic plus strand RNAs.
We have studied the localization and
interactions of nsPs 1-4 (II). During the
infection they all were present in CPVs
together with the newly synthesized viral
RNA. More specif ically, RC-associated
nsPs localized to membrane invaginations,
or spherules, on the limiting membrane of
CPVs. Based on this and earlier studies
spherules are considered as units the of
replication, containing a template RNA
and nsPs 1-4. The electron microscopy
analysis of SFV-infected cells suggests that
at least a fraction of spherules circulate be-
tween CPVs and the plasma membrane. All
nsPs were found also outside the CPVs;
nsP1 at the plasma membrane, nsP2 in the
nucleus, nsP3 in the cytoplasmic aggre-
gates and nsP4 dispersed in the cytoplasm.
We suggest that they were derived from
P1234, which was processed by an alter-
native pathway giving rise to P12 and P34
intermediates, which could not form the
functional polymerase.
The initial phase of the replication
cycle, i.e. the formation of RC, was simu-
lated by expressing cleavable and
uncleavable nonstructural polyproteins
(III). The essential role of polyprotein
stage in the formation and targeting of RC
was demonstrated by the fact that only
polyprotein-derived nsPs we able to asso-
ciate together into a membrane associated
complex. This study verif ied that nsP1 is
a sole membrane anchor of the alphavirus
replicase, directing the polyproteins co-
translationally to the membranes. How-
ever, nsP3 domain was required for target-
ing of the replicase to the intracellular
vesicles, as shown by the different local-
ization of uncleavable P12 and P123.
The last part of the thesis deals with
the specific membrane binding mechanism
of SFV nsP1. The previously identif ied
twenty amino acid region (aa 245-264),
shown to interact with membranes rich in
anionic phospholipids via an amphipathic
α-helix, was further studied to unravel the
role of the individual residues in the mem-
brane binding of nsP1 in mammalian cells.
The results showed that the peptide has an
essential role in the targeting and mem-
brane binding of nsP1, and thereby of the
whole RC, to the host cell membranes. Two
amino acids in the helix region, R253 and
W259, turned out to be critical for the
membrane attachment of nsP1, since their
replacement to alanines inhibited the vi-
rus replication when introduced to the ge-
nome of SFV.
1INTRODUCTION
1. Alphaviruses
Alphaviruses are enveloped positive strand
RNA viruses infecting a variety of verte-
brates via mosquito vectors. Birds and ro-
dents serve as natural reservoirs for
alphaviruses, while man and bigger mam-
mals are dead-end hosts. The alphavirus
genus consists of about thirty species,
some of which are serious human and ani-
mal pathogens. As a genus it is globally
widely distributed. Diseases caused by
alphaviruses can be divided into two patho-
logical groups. Alphaviruses distributed to
the New World (e.g. Eastern and Western
equine encephalitis viruses) cause en-
cephalitis, while Old World alphaviruses
(e.g. Sindbis (SIN) and Ross River) are
milder pathogens and induce symptoms
like fever, rash and arthritis (Strauss and
Strauss,  1994).  SIN, the prototype
alphavirus is found also in Finland as the
causative agent of Pogosta disease. Infec-
tion leads to epidemic rash-arthritis peak-
ing typically every seventh year
(Brummer-Korvenkontio et al., 2002). The
last outbreak of about thousand patients
was in the autumn 2002.
The best characterized alphaviruses,
SIN and Semliki Forest virus (SFV), have
been under extensive studies in molecular
virology already for three decades. SFV
causes lethal encephalitis in mice and has
been used as a model for viral
neuropathogenesis (reviewed in Atkins et
al., 1999 and Fazakerley, 2002). For hu-
mans the laboratory strains of SFV and
SIN are considered safe (Strauss and
Strauss, 1994). As a result of increased
understanding of the molecular events dur-
ing infection, SFV and SIN have become
well-established models, not only for
alphaviruses, but also for other related
pathogenic viruses as well as for certain
cellular processes intimately connected to
virus multiplication. Alphaviruses have
been used as probes to study e.g. the modi-
f ication and transport of glycoproteins,
endocytosis and membrane fusion events
(Helenius, 1995; Helenius and Aebi, 2001;
Ellgaard and Helenius, 2003; Kielian,
1995).
1.1. Alphavirus expression vectors
The broad host range of alphaviruses and
their very efficient cytoplasmic gene ex-
pression in a variety of cell types has en-
abled the development of expression vec-
tors from SFV (Liljeström and Garoff,
1991) followed by SIN and Venezuelan
equine encephalitis virus vectors (Frolov
et al., 1996; Schlesinger, 2001; Perri et al.,
2003). In addition to basic research, these
vectors are being tested for vaccination and
gene therapy. Alphavirus expression vec-
tors consist of the coding region of the
nonstructural proteins (nsPs), which are
responsibe for the RNA replication of the
virus. The promoter of the subgenomic 26S
mRNA is used for the expression of the
desired foreign gene, which replaces the
coding region of the structural proteins
(Liljeström and Garoff, 1991). The vector
is introduced into cells either as in vitro
transcribed RNA or as DNA, if the con-
struct is engineered to contain a eukary-
otic promoter. The recombinant RNA is
self-replicating (and therefore called a rep-
licon), because it is translated to the RNA
replication proteins (nsPs). In the cells this
leads to massive production of the heter-
ologous protein for up to 75 hours. Pro-
tein expression is achieved by transfect-
ing the replicon to the cells. However, more
reproducible results in large scale produc-
tion are achieved when the replicon RNA
is packaged in vivo into recombinant vi-
rus particles. In this process the structural
proteins of virus are expressed from an-
other RNA molecule and co-transfected
with the replicon. The recombinant par-
ticles are suicidal since they contain only
the replicon RNA, which carries the pack-
aging signal, and thus will not lead to par-
ticle formation in new host cells. Recom-
bination events resulting in replication
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2competent viruses are rare, but the safety
of the system can be further improved by
using a packaging system where structural
proteins are expressed from two separate
plasmids (Smerdou and Liljeström, 1999).
The alphavirus expression system,
like natural infection, is cytotoxic to cells
and leads to the shut off of the host cell
protein synthesis and to induction of
apoptosis, limiting the production period
of the desired recombinant proteins. To
overcome this, less cytopathic vectors ca-
pable of persistent replication have been
developed for both SFV and SIN (Agapov
et al., 1998; Perri et al., 2000). Although
the causative mutations characterized in
these reports map to the region of nsP2,
our data on SFV suggest that mutations in
nsP1 (Ahola et al., 2000a) and nsP3
(Vihinen et al., 2001) region could be uti-
lized to create less cytopathogenic vectors.
1.2. Life cycle
Alphaviruses are quite simple, encoding
only nine functional proteins derived from
two open reading frames via polyprotein
precursors (Fig. 1). The genomic RNA
(11.5 kb for SFV, 11.7 kb for SIN) is single
stranded and contains a 5´terminal cap and
3´terminal polyA (Kääriäinen and
Söderlund 1978). The 5´ two-thirds of the
genome encodes the nonstructural
polyprotein P1234, while the structural
polyprotein NH
2
-capsid-p62(E3+E2)-6K-
E1-COOH is produced via internal pro-
moter and subgenomic 26S RNA corre-
sponding to the last third of the genome
(Fig.1). The virion consists of one copy of
RNA enclosed in an icosahedral capsid,
which is surrounded by a lipid envelope
derived from the host plasma membrane.
The envelope bilayer is penetrated by 240
dimers of transmembrane glycoproteins E1
Fig.1. Translation strategy and proteolytic processing of SFV nonstructural and structural proteins.
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3(50 kDa) and E2 (50 kDa) clustered in 80
morphologically distinct spikes (for review
see Strauss and Strauss, 1994). In the case
of SFV, a third protein, peripherally bound
E3 (10 kDa) is associated with the E1-E2
dimer. The attachment of virus particles to
the cell surface is mainly mediated by E2
(Strauss and Strauss, 1994; Smith et al.,
1995), while E1 is required for the mem-
brane fusion between the envelope and tar-
get membrane (Wahlberg et al., 1992;
Kielian, 1995; Haag et al., 2002; Gibbons
et al., 2003 and references therein).
Laminin receptor has been identified
as the major receptor for SIN in mamma-
lian cells (Wang et al., 1992). Other recep-
tors, although very poorly characterized,
very likely exist consistent with the vast
host range of the genus. Other aspects of
alphavirus entry are well documented. As
a matter of fact, the entry pathway of SFV
has served as a model for the entry of a
wide variety of enveloped and
nonenveloped viruses as well. SFV was the
first virus shown to enter cells via recep-
tor-mediated endocytosis, followed by
membrane fusion after exposure to low pH
in the endosomes (Helenius et al., 1980;
Marsh and Helenius, 1989). Following
endocytosis, a low-pH-dependent rear-
rangement of the glycoproteins occurs,
triggering the membrane fusion activity of
E1, and allowing the release of the capsid
into the cytoplasm (reviewed in Garoff et
al., 1994; Kielian, 1995). The disassembly
of nucleocapsid is carried out by ribo-
somes, which efficiently engage the capsid
proteins releasing the RNA genome to the
cytoplasm (Singh and Helenius, 1992).
The positive strand RNA genome is di-
rectly used as mRNA, resulting in the syn-
thesis of the nonstructural polyprotein
(P1234), which is later autocatalytically
processed to four mature proteins, nsP1-
4, by the protease activity of nsP2 (re-
viewed in Kääriäinen and Ahola, 2002).
The RNA replication is carried out by the
nsPs, and proceeds through a minus strand
intermediate into the amplification of full
length genomes and production of sub-
genomic RNAs coding for the structural
proteins (see below for details).
The processing of the structural poly-
protein is initiated by the autocatalytical
release of the capsid protein. The rest of
the polyprotein is then translocated into the
ER by a signal sequence, which becomes
exposed in the amino terminus of E3 upon
capsid cleavage (Melanchon and Garoff
1987; Garoff et al., 1990). After translo-
cation and glycosylation of p62, the pre-
cursor of E3 and E2, another signal se-
quence in 6K protein mediates the trans-
location of E1 (Melanchon and Garoff,
1986). After appropriate cleavages by sig-
nal peptidase p62-E1 dimer is transported
through the Golgi complex to the cell sur-
face. The cleavage of p62 to E3 and E2
and modification of their N-glycans from
high mannose-type to complex ones is ac-
complished by cellular enzymes during
transport via the secretory pathway (de
Curtis and Simons, 1988; Green et al.,
1981; Schlesinger and Schlesinger, 1987).
The glycoproteins are also palmitoylated
during the transport (Schmidt, 1982,
Bonatti et al., 1989). Virus particle assem-
bly is initiated by the encapsidation of the
genomic RNA. The capsid protein is after
cleavage temporarily associated with the
ribosomal 60S subunit, and is then trans-
ferred to the 42S RNA genome by a poorly
understood mechanism (Söderlund and
Ulmanen, 1977; Ulmanen et al., 1979). The
capsid protein recognizes and binds the
genomic RNA via specif ic sequence, a
packaging signal. The packaging signals
within alphavirus family are not con-
served. In SFV and SIN they are located
in the nsP2 and nsP1 genes, respectively
(Frolova et al., 1997). Finally, the comple-
tion and release of virus particles by bud-
ding is driven by specific interactions be-
tween the nucleocapsid and the cytoplas-
mic tail of spike protein E2 at the plasma
membrane (Suomalainen et al., 1992;
Gaedigk-Nitschko and Schlesinger, 1991;
Sjöberg and Garoff, 2003).
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41.3. Replication
The RNA synthesis in alphavirus infection
is initiated by copying the RNA genome
into a complementary minus strand, which
in turn acts as a template for the synthesis
of more genomes, and the subgenomic 26S
mRNAs of the structural proteins. Nota-
bly, the minus strands are synthesised only
during the first hours of infection and their
synthesis requires continuous translation
(Sawicki and Sawicki, 1980). In contrast,
the synthesis of positive strand RNAs con-
tinues throughout the infection even in the
presence of protein synthesis inhibitors
(reviewed in Kääriäinen and Söderlund,
1978; Kääriäinen et al., 1987). This dis-
crepancy was explained by experiments
carried out with SIN in 1990s (Lemm and
Rice, 1993a and b; Shirako and Strauss,
1994). The authors demonstrated that mi-
nus strands were synthesised by a combi-
nation of partly uncleaved polyprotein
P123 and free nsP4, while the plus strand
synthesis was carried out only after com-
plete cleavage of the nonstructural poly-
protein, i.e. by nsP1-4. The molecular
mechanism for the temporal regulation of
the minus strand synthesis is discussed in
detail in chapter 1.4.
Viral RNA synthesis takes place in the
cytoplasm of infected cells in association
with membranes. The f irst evidence for
membrane associated replication came
from the fractionation experiments of in-
fected cells, localizing the RNA poly-
merase activity almost exclusively to the
membrane fraction pelleting at 15,000 x g
(Friedman et al . ,  1972; Ranki and
Kääriäinen, 1979; Gomatos et al., 1980).
The early attempts to purify the viral rep-
licase from infected cells resulted in mem-
brane preparations capable of in vitro syn-
thesis of both 42S RNA and 26S RNA
from the endogenous template (Clewley
and Kennedy, 1976; Ranki and Kääriäinen,
1979; Gomatos et al., 1980; Barton et al.,
1991). Later, the co-expression of SIN
P123 and nsP4 together with truncated SIN
RNA template enabled the demonstration
of minus strand RNA synthesis in cultured
cells (Lemm and Rice, 1993a and b). To
date the synthesis of minus, but not plus
strand RNA has been obtained in vitro us-
ing membrane fraction from BHK cells
expressing P123 and nsP4 (Lemm et al.,
1998). Nevertheless, the exact composition
of the replication complex (RC) is not
known. Also the requirements for host fac-
tors are not clear. Some host proteins have
been reported to be present in the RC, but
their role has not been studied further
(Barton et al., 1988 and 1991).
1.4. Nonstructural polyprotein
The nonstructural (ns) polyprotein is ei-
ther P1234 (about 2500 aa), or P123 as
outcome of an opal termination codon af-
ter nsP3 gene present in SIN and most
other alphaviruses except SFV (Strauss et
al., 1983; Strauss and Strauss, 1994).
Therefore in SIN infection a full length ns
polyprotein is produced only by read
through of the opal termination codon. The
half-life of ns polyprotein is short, only
about ten minutes, due to its rapid pro-
teolytic processing by nsP2 protease (Ding
and Schlesinger, 1989; Hardy and Strauss,
1989). Protease activity has been mapped
to the C-terminal half of nsP2 within a
papain-like cysteine protease domain
(Strauss et al., 1992; Vasiljeva et al., 2001).
This activity is responsible for all pro-
teolytic cleavages in the processing of ns
polyproteins of SIN and SFV (Strauss and
Strauss, 1994; Vasiljeva et al., 2001) al-
beit the context of the protease affects the
efficiency and order of cleavages at 1/2,
2/3 and 3/4 junctions. The first cleavage
takes place between nsP3 and nsP4 do-
mains releasing mature nsP4, as was sug-
gested earlier (Keränen and Ruohonen,
1983; Takkinen et al., 1991). The result-
ing molecules, P123 polyprotein and free
nsP4, establish the early minus strand RNA
polymerase (Fig. 2A; Lemm et al., 1993a
and b; Lemm et al., 1994; Shirako and
Strauss, 1994). Minus strand synthesis
could also be demonstrated with the com-
bination of nsP1, P23 and nsP4 (Lemm et
al., 1998). The temporary nature of minus
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5strand synthesis results from the process-
ing of P123 into nsP1, nsP2 and nsP3,
which changes the template specificity of
replicase and converts the RC
minus
into
RC
plus
(Fig. 2A). Later in infection, when
the concentration of free nsP2 is high,
P1234 is cleaved f irst at 2/3 site, prevent-
ing the formation of new functional RCs
(Fig. 2B).
In addition to infection and heterolo-
gous expression experiments in cells, in
vitro translated SIN and SFV ns
polyproteins or parts of them have been
intensively used to study the processing
events. Convincing data from parallel sys-
tems has lead to the current model how the
cleavages in three junctions between nsPs
are accomplished. When the cleavage site
preferences of purified nsP2 protease were
studied in a biochemical assay, 3/4 junc-
tion was cleaved with very high efficiency
over other sites (Vasiljeva et al., 2001). The
priming of polyptotein processing by the
cleavage of nsP4 can therefore be inter-
preted as a manifestation of high affinity
between the protease and its substrate. The
next cleavage is between nsP1 and nsP2,
and is required to produce a protease ca-
pable of cleaving the 2/3 site (Shirako and
Strauss, 1990; Merits et al., 2001; Vasiljeva
et al., 2001 and 2003). Recalling the ab-
solute requirement for intact P123 (or P23)
to car ry out minus strand synthesis
(Shirako and Strauss, 1994; Lemm et al.,
1994 and 1998), a very stringent regula-
tion of the cleavage in 2/3 junction makes
sense; it has a key regulatory role in the
inactivation of early minus strand initia-
tion complex. Recent studies from our
laboratory suggest a molecular mechanism
for the regulation. The protease activity
and specificity of a soluble, purified C-
terminal fragment of SFV nsP2, Pro39 (aa
458-799), was analysed in vitro using pu-
rif ied thioredoxin-fusion proteins contain-
ing SFV cleavage sites 1/2 , 2/3 and 3/4
(ca. 40 aa each) as substrates. Pro39
cleaved efficiently site 3/4, while the 1/2
cleavage was very ineff icient, requiring
about 5000-fold more of Pro39. The 2/3
site was almost resistant to the cleavage
(Vasiljeva et al . ,  2001).  The poor
cleavability of 1/2 and 2/3 sites in in vitro
system might be explained by the require-
ment of cofactor(s), which define the dif-
ferential activity of nsP2 protease at each
cleavage site. Free and intact N-terminus
of nsP2 appears to be essential for the pro-
tease to carry out the 2/3 site cleavage. The
N-terminal part may interact with the pro-
tease domain and thereby assist it to gain
a specif ic conformation favourable for the
2/3 cleavage (Vasiljeva et al., 2003).
Fig.2. Two alternative pathways for the pro-
teolytic processing of SFV nonstructural
polyprotein P1234. Only the one shown in A re-
sults in the assembly of functional replication
complexes (see text for details). Adapted from
Vasiljeva et al., 2003.
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61.5. Properties of individual
nonstructural proteins
1.5.1. nsP4
nsP4 (SFV 614 aa, SIN 610 aa) is consid-
ered to be the catalytic RNA polymerase
unit of alphaviruses according to follow-
ing criteria. Its C-terminal domain contains
sequence elements typical for all RNA
dependent RNA polymerases including the
universal GDD motif (Poch et al., 1989;
Koonin and Dolja, 1993). Genetic data
from temperature sensitive (ts) mutants
supports the role of nsP4 as the RNA poly-
merase. SIN ts6, which has Gly153Glu
mutation in nsP4, fails to synthesize any
RNA at 39ºC. The polymerase activity is
reversible upon shift to 28ºC (Keränen and
Kääriäinen, 1979; Sawicki et al., 1981a;
Hahn et al., 1989a). The defect was speci-
fied to the elongation step in RNA syn-
thesis (Barton et al., 1988).
The amount of nsP4 in alphavirus
infected cells is low in comparison to the
other nsPs. In most alphaviruses like SIN,
nsP4 is translated only as a result of a sup-
pression of the UUA termination codon.
Additionally, nsP4 is degraded by the N-
end rule pathway in proteosomes (de Groot
et al., 1991; Takkinen et al., 1991; Merits
et al., 2001). Presumably only the nsP4
fraction assembling into RCs is stable and
protected from the degradation.
1.5.2. nsP3
Although the specif ic function of nsP3
(SFV 482 aa, SIN 566 aa) is not known,
genetic studies implicate that it is essen-
tial for the virus replication (Hahn et al.,
1989b). It is supposed to have a role at least
in minus strand and subgenomic RNA syn-
thesis (LaStarza et al., 1994; Wang et al.,
1994).
The N-terminal part of nsP3 is con-
served among alphaviruses and homolo-
gous sequences are found in some other
viruses like rubella and hepatitis E as well
as in unrelated coronaviruses (Koonin and
Dolja, 1993; Gorbalenya et al., 1991).
Recently the same domain was also found
in bacteria,  archae and eukaryotes
(Pehrson and Fuji, 1998). The preservation
of this domain during evolution suggests
a fundamental, albeit so far undefined,
activity. The C-terminal part of alphavirus
nsP3 is highly variable both in length and
sequence (Strauss and Strauss 1994). This
region is phosphorylated in serines and
threonines by cellular kinases (Peränen et
al., 1988; Li et al., 1990; Vihinen and
Saarinen, 2000). The SFV mutant encod-
ing nonphosphorylated nsP3 grew other-
wise normally, but yielded reduced RNA
levels. Interestingly, it had reduced patho-
genicity in mice (Vihinen et al., 2001).
Other independent studies support a role
for nsP3 in the neurovirulence of SFV
(Tarbatt et al., 1997; Tuittila et al., 2000;
Tuittila and Hinkkanen, 2003).
The localization data of nsP3 has not
revealed any information about its func-
tion. In expression systems nsP3 was re-
ported to be associated with cytoplasmic
vesicles of unknown identity and possess
weak membrane binding activity (Peränen
and Kääriäinen, 1991; Vihinen et al.,
2001).
1.5.3. nsP2
NsP2 (SFV 799 aa, SIN 807 aa) has mul-
tiple roles in the course of alphavirus in-
fection. It contains two domains: N-termi-
nal part has sequence motifs typical for
RNA and DNA helicases, whereas the C-
terminal part is homologous to papain-like
cysteine proteinases (Hardy and Strauss,
1989; Gorbalenya et al. 1991; Gorbalenya
and Koonin, 1993). The helicase-like do-
main has been experimentally verif ied to
possess ATPase and GTPase activities
(Rikkonen et al., 1994), and later on, also
the actual RNA helicase activity (Gomez
de Cedrón et al., 1999). In addition, nsP2
and its N-terminal fragment have been
identified as an RNA triphosphatase, cata-
lyzing the f irst step in virus-specif ic
mRNA capping reaction for both SFV and
SIN (Vasiljeva et al., 2000).
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C-terminal domain have already been dis-
cussed in the context of ns polyprotein
processing (1.4.). Briefly, nsP2 is the sole
protease responsible for the processing of
ns polyprotein. In addition to mature nsP2
the protease is active in polyproteins car-
rying the nsP2 domain.
Genetic approach indicates that nsP2
functions in the regulation of subgenomic
RNA synthesis, where a direct or indirect
interaction between nsP2 and 26S pro-
moter is suggested (Hahn et al., 1989b,
Suopanki et al., 1998). Mutations affect-
ing the subgenomic RNA synthesis map
to the C-terminus of nsP2 and might partly
be connected to polyprotein processing,
since synthesis from 26S promoter is car-
ried out only by fully cleaved nsPs (Lemm
et al., 1994; Shirako and Strauss, 1994;
Wang et al., 1994). Hypothetically the pro-
teolytic processing at 2/3 site consequently
enables the recognition and/or attachment
of nsP2 to the 26S promoter in newly syn-
thesized minus strands (Sawicki at al.,
1978; Suopanki et al., 1998). NsP2 has
also a role in the regulation of the minus
strand synthesis shut off (Sawicki and
Sawicki, 1993; Wang et al., 1994; Dé et
al., 1996; Suopanki et al., 1998), the caus-
ative mutations mapping both to the N- and
C-termini of nsP2. Interestingly, minus
strand synthesis can be reactivated in some
SIN ts-mutants after shut off even in the
presence of protein synthesis inhibitors
(Sawicki et al., 1981b and 1990; Sawicki
and Sawicki, 1986 and 1993). This sug-
gests that as an exceptional event it is pos-
sible for the mature nsPs to constitute the
minus strand polymerase, that is, to attain
a conformation normally possessed only
by uncleaved polymerase components. If
so, the differences between early and late
polymerases must be very subtle.
Immunofluorescence and cell frac-
tionation experiments revealed that nsP2
has multiple locations in cells (Peränen et
al., 1988 and 1990). In infection, half of it
is transported to the nucleus, and the cy-
toplasmic pool is quite equally distributed
between the soluble and membrane frac-
tion. This means that maximally one fourth
of the total amount assembles to RCs with
other nsPs. When expressed alone nsP2 is
almost quantitatively transported to the
nucleus. The nuclear targeting signal was
localized to the C-terminal domain of nsP2
(Rikkonen et al., 1992). A mutation pre-
venting the nuclear localization of nsP2 did
not inhibit virus replication but abolished
its neuropathogenicity in mice (Rikkonen,
1996; Fazakerley et al., 2002). This and
some other mutants mapping to the C-ter-
minus of both SFV and SIN nsP2 are re-
ported to cause minor or negligible cyto-
pathic effects in host cells, possibly by af-
fecting the induction of apoptosis, the
major death mechanism of alphavirus in-
fected cells (Perri et al., 2000).
1.5.4. nsP1
Together with the nsP2, nsP1 (SFV 537 aa,
SIN 540 aa) is the best characterized of
alphavirus replicase proteins. It catalyzes
the virus-specific capping reaction to the
5´end of genomic and subgenomic
mRNAs. NsP1 carries out two reactions:
First it acts as a methyltransferase convert-
ing GTP to m7GTP (Mi and Stollar, 1991;
Laakkonen et al., 1994) and then as a
guanylyltransferase transferring the me-
thylated guanosine to RNA via a covalent
m7GMP- nsP1 complex (Ahola and
Kääriäinen, 1995). Alphavirus capping
pathway differs from a cellular one, where
guanylyltransferase first transfers the GMP
to RNA via a covalent intermediate, and
7-methylation is the final step taking place
on the RNA molecule (Ahola and
Kääriäinen, 1995). A conserved methyl-
transferase or capping domain is found in
several animal and plant viruses and seems
to characterize viruses of the alphavirus-
like superfamily (Rozanov et al., 1992;
Koonin and Dolja, 1993). Indeed, several
viruses belonging to this group have been
reported to catalyze similar virus-specific
capping reactions, originally discovered in
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development of compounds able to inhibit
virus replication (Kääriäinen and Ahola,
2002).
Although nsP1 sequence lacks hydro-
phobic areas capable of membrane span-
ning, nsP1 is tightly associated with mem-
branes both in alphavirus infected cells,
and when expressed alone (Peränen et al.,
1995; Laakkonen et al., 1996). Since nsP1
is the only nsP associating independently
with membranes, it must be a membrane
anchor for the entire RC (Ahola et al.,
2000b). Our current understanding on the
membrane binding mechanisms of nsP1,
summarized comprehensively in I, chap-
ter 2.3, is a result of intensive research on
the topic during the last decade. After the
production of first specific antisera against
SFV nsPs, Peränen et al. (1988) showed
that in infected cells nsP1 and nsP4 were
exclusively in the membrane fraction,
pelleting at 15 000 x g, thus coinciding
with the viral RNA polymerase activity
(Ranki and Kääriäinen, 1979). Subcellu-
lar distribution of nsP1 and its membrane
binding proper ties were clarif ied by
Peränen et al. (1995). Extraction analysis
revealed that nsP1 was very tightly bound
to membranes, being released only by de-
tergents or highly alkaline solutions. In
discontinuous sucrose gradient nsP1 was
associated with a smooth membrane frac-
tion. Its subcellular distribution was fur-
ther def ined by immunofluorescence,
which localized nsP1 to the plasma mem-
brane and to endosomal vesicles. The tight
membrane binding found an explanation
from a lipid modification; one or more of
the cysteine residues 418-420 in SFV
nsP1, and a single cysteine 420 in SIN
nsP1 were shown to be palmitoylated
(Peränen et al., 1995; Laakkonen et al.,
1996; Ahola et al., 2000b). Palmitoylated
proteins carry covalently attached palmi-
tate, a 16-carbon saturated fatty acid,
which affects the membrane association
and sorting of a variety of proteins (re-
cently reviewed by Bijlmakers and Marsh,
2003). When the palmitoylation of nsP1
was inhibited by mutation, the protein still
remained membrane bound, although less
tightly (Laakkonen et al., 1996). Similar
results were obtained for nsP1 expressed
in E.coli, which cannot palmitoylate pro-
teins (Ahola et al., 1999). Nonpalmitoy-
lated nsP1 can function in SFV and SIN
replication in cell culture without notable
changes compared to the wild type. How-
ever, the mutant SFV lost its neuroviru-
lence in mice (Ahola et al., 2000b). Addi-
tionally, two characteristic features of wt
nsP1, the induction of filopodia-like ex-
tensions and destruction of actin stress fi-
bers, are dependent on palmitoylation
(Laakkonen et al., 1998). The connection
between these effects is not clear, since
nsP1-induced filopodia do not contain F-
actin like cellular ones do.
Another mechanism responsible for
the membrane binding is a direct interac-
tion of nsP1 with the anionic phospholip-
ids, which is mediated by ionic and hydro-
phobic interactions within a short segment
of amino acids 245-264 (Ahola et al.,
1999; Lampio et al., 2000; see I, 2.3 for
details). The discovery of phospholipid in-
teraction illuminates some essential fea-
tures on the enzymatic activity and cellu-
lar localization of nsP1. The enzymatic
activities of nsP1 are strictly dependent on
its membrane association. However,
methyltransferase and guanylyltransferase
activities of detergent treated sample could
be restored by the addition of anionic phos-
pholipids, suggesting a reversible confor-
mational change as response to correct
lipid environment (Ahola et al., 1999).
Although the residues critical for the cap-
ping activities mainly localize upstream of
the binding peptide (BP) region (Ahola et
al., 1997), they seem to be functionally
interconnected so that the membrane bind-
ing is a prerequisite for an enzymatically
active conformation. The segment respon-
sible for the membrane binding is highly
conserved in alphaviruses and also among
viruses of the alphavirus-like superfamily
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role in the membrane association of
methyltransferases of the other superfam-
ily members, too. Interestingly, long be-
fore the connection between the enzymatic
activities of nsP1 and the anionic phospho-
lipids was discovered, a Japanese group
repor ted how SIN infection in
phosphatidylserine (PS) deprived Chinese
hamster ovary cell line resulted into de-
creased viral RNA synthesis, while the cell
growth and viability remained normal dur-
ing the experiment (Kuge at al., 1989). The
authors suggested that the critical step was
the internalisation and fusion of virions.
Nevertheless, in the light of current knowl-
edge a loss of the capping enzyme activity
due to the PS deprivation appears a likely
explanation as well. Moreover, the local-
ization of nsP1 to plasma membrane
(Peränen et al., 1995; Laakkonen et al.,
1996) can also be reasoned by the affinity
of nsP1 to certain phopholipids. The inner
leaflet of the plasma membrane and, con-
sequently, also the outer surface of vesicles
deriving from it, are rich in anionic phos-
pholipids, especially PS (Allan, 1996).
This can explain the affinity of nsP1 to the
plasma membrane and thereby eliminates
the earlier hypothesis of a requirement for
a protein receptor of nsP1 at the plasma
membrane.
Finally, nsP1 seems to have a role in
replication not related to its capping
mechanism. Ts11 mutant of SIN, carrying
Ala348Thr mutation, is selectively defec-
tive in minus strand RNA synthesis in a
restrictive temperature (Hahn et al., 1989b;
Sawicki et al., 1981a). The ability of ts11
to suppress other ts-phenotype(s) indicate
that the activity residing in the C-terminal
half of nsP1 is always needed for the mi-
nus strand synthesis (Wang et al., 1991).
2. Morphological features of
infected cells
Most viruses are damaging their hosts, if
not via specific mechanisms, at least as a
consequence of exploiting the metabolic
machinery of the cell. Alphaviruses repli-
cate both in vertebrate and invertebrate
cells, consistent with their life cycle and
the use of arthropod vectors. In insect vec-
tors they establish a persistent lifelong in-
fection, in contrast to acute, cytolytic in-
fection in vertebrates. Same pattern applies
when virus is propagated in cell cultures.
The difference results from the fact that
alphavirus infection inhibits host macro-
molecular synthesis only in vertebrate cells
(Strauss and Strauss, 1994). There DNA,
RNA and protein synthesis are inhibited
from the first hours of infection, eventu-
ally leading to the cytopathic effect and the
cell death. The shut off mechanisms are
not well understood but seem to involve
specific mechanisms in addition to simple
competition for limited metabolic factors.
2.1. CPV structures and spherules in
alphavirus infected cells
Specif ic morphogical features of
alphavirus infected cells are quite well
characterized. Early electron microscopic
(EM) studies revealed unusual membrane
structures in the cytoplasm of alphavirus
infected cells. The diameter of these vacu-
oles ranged from 600 to 2000 nm and their
lining membrane was decorated with regu-
lar 50 nm invaginations, or spherules (I,
Fig. 6A-B; Acheson and Tamm, 1967;
Grimley et al., 1968 and 1972; Friedman
et al., 1972.) Vacuoles were defined as
cytopathic vacuoles type I (CPV-I;
Grimley et al., 1968). The same study also
described additional membrane structures
typical for alphavirus infection. CPV-IIs
appeared late in infection, and consisted
of nucleocapsids attached to the outer sur-
face of the vacuolar membrane. These
structures arise as a result of surplus spike
proteins, which arrest nucleocapsids to
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their location membrane. Yet another type
of cytopathic structure involving nucleo-
capsid was identif ied later, and named
CPV-III (Zhao et al., 1994). They resemble
CPV-IIs but instead of a vacuolar appear-
ance are long tubular sticks.
The association of CPV-Is with RNA
synthesis was suggested long ago. Grimley
et al. (1968) pulse-labelled infected cells
with tritiated uridine, and by that means
localized the RNA synthesis into
spherules, which, in addition to CPV-Is,
were often found on the cell surface. Ad-
ditionally, an isolated membrane fraction,
enriched with CPV-Is, functioned as a
source for in vitro RNA polymerase activ-
ity and pulse-labelled viral RNA (Fried-
man et al., 1972). Inhibition of the protein
synthesis at 2 hours after infection blocked
CPV-I formation, but had no effect if added
4 hours post infection (p.i.; Grimley et al.,
1972). This indicated that translation of
nsPs, being most active in the first hours
of infection (Lachmi and Kääriäinen,
1977), was required for CPV-I formation.
Froshauer et al. (1988) provided the
best ultrastructural illustration of CPV-Is
(hereafter CPVs) and spherules so far. The
interior of spherules was clearly connected
to cytoplasm via a narrow neck, which of-
ten was occupied by an electron dense plug
(I, Fig. 6B). Sometimes the fibrous mate-
rial at the base of the spherule extended
into the cytoplasm. This was proposed to
be the nascent RNA coming out from the
spherules. No translation inhibitors were
used, and the nascent RNAs were probably
actively recruited for translation after
emerging in the cytoplasm. So the nsPs
detected by immuno-EM in the cytoplasm
near the mouth of spherules are plausibly
not the ones participating in the RNA syn-
thesis, but rather nascent molecules. The
same study demonstrated that CPVs are of
endosomal origin,  as spherules and
endocytic tracers where found in the same
structures. CPVs were positive also for
lamp1 and lamp2, the markers for late
endosomes and lysosomes. The time of
appearance and the amount of CPVs
roughly correlated with the virus dose (i.e.
multiplicity of infection), which made the
authors suggest that endosomes carrying
incoming virions are converted to CPVs.
Peränen and Kääriäinen (1991), however,
showed that only the time of appearance
but not the eventual amount of CPVs was
dependent on the multiplicity of infection.
Most importantly, the transfection of in-
fectious RNA also induced CPVs detect-
able already 3 hours after transfection,
when the synthesis of structural proteins
was minimal. This study confirmed that the
translation of nonstructural proteins and/
or the replication of viral RNA are suffi-
cient for CPV formation.
2.2. Spherules are not unique to
alphaviruses
Replication of positive strand RNA viruses
in host cell cytoplasm is invariably mem-
brane associated. Different viruses utilize
several intracellular membrane compart-
ments, and cause diverse modif ications
and rearrangements of the target mem-
brane (see I for details). Spherule forma-
tion is one particular example. Spherules
are not typical only for alphaviruses but
are also found in cells infected with some
other viruses. Rubella virus, belonging to
the family of Togaviridae together with
alphaviruses, is documented to replicate in
vacuoles morphologically analogous to the
alphavirus CPVs (Lee at al . ,  1994;
Magliano et al., 1998; Kujala et al., 1999).
Utilization of membranes from endo- and
lysosomal compartments is thus a hallmark
of Togaviridae. Spherules are also induced
during the infection of at least some plant
viruses of the alphavirus-like superfamily,
albeit involving different organellar mem-
branes. Brome mosaic virus (BMV) repli-
cation in the ER results to spherule for-
mation, also detected in yeast cells ex-
pressing solely 1a protein, which is dis-
tantly related to the alphavirus nsP1 and
nsP2 (Schwartz et al., 2002). Turnip yel-
low mosaic virus (TYMV) replicates in the
chloroplast membrane and is reported to
induce its invagination (Hatta et al., 1973;
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Prod‘homme et al., 2001). Additionally,
two other virus families outside the
alphavirus-like superfamily have spherules
as putative replication structures, namely
tombusviruses and alphanodaviruses
(Russo et al., 1987; Miller at al., 2001 and
references therein). Tombusviruses infect
plants and depending on the virus, repli-
cate on the membranes of peroxisomes or
mitochondria. Target organelles are con-
verted to multivesicular bodies as a result
of tombusvirus infection (Russo et al.,
1987). The best studied representative of
the tombusvirus family, carnation Italian
ringspot virus,  induces 80-150 nm
spherules into mitochondrial intermem-
brane space (Di Franco et al., 1984). Oth-
erwise similar but smaller (40-60 nm) mi-
tochondrial spherules are induced during
flock house virus (FHV; an alphanodavi-
rus) infection in Drosophila cells (Miller
et al., 2001). As a result of ample convinc-
ing data, the RNA replication of viruses
discussed above is strongly believed to be
spherule-associated.
AIMS OF THE STUDY
1) To study the localization, composition
and morphology of Semliki Forest vi-
rus replication complex in infected
cells.
2) To study the putative interactions of
nonstructural proteins in infected cells
and in expression systems.
3) To study the localization, membrane-
association and functions of the
nonstructural polyprotein and its
cleavage intermediates.
4) To study the role of the membrane
binding peptide in the subcellular tar-
geting of nsP1 and in the infectivity
of the virus.
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MATERIALS AND METHODS
1. Cells, viruses and plasmids
The origin and cultivation of SFV proto-
type strain and Baby Hamster Kidney
(BHK) cells, as well as that of Modified
Vaccinia Ankara virus (MVA) and HeLa
cells were as described (Keränen and
Kääriäinen, 1974 and III, respectively).
The Bac-to-Bac Baculovirus Expression
System (Invitrogen) and AdEasy Aden-
oviral Vector System (Stratagene) were
used for the expression of nonstructural
polyproteins (III). Baculoviruses were
cultivated in High Five BTL-Tn-5B1-4
(Tn5) insect cells in High Five medium
(Invitrogen) at 28°C. Construction of the
recombinant baculoviruses has been de-
scribed earlier (Merits et al., 2001). HeLa
cells were used for the adenoviral expres-
sions, but the generation of recombinant
particles was carried out in Human Em-
bryonic Kidney 293 cells, providing ad-
enovirus E1 gene in trans, according to the
AdEasy protocol.
Plasmid construction and propagation
were done in Eschrichia coli  DH5a
(Bethesda Research Laboratories) accord-
ing to standard procedures (Sambrook and
Russel, 2001). The infectious cDNA clone
of SFV (pSP6-SFV4; a kind gift from P.
Liljeström, Karolinska Insti tute,
Stockholm) and its mutant derivatives were
constructed and propagated in E. coli
SURE strain (Stratagene) due to their in-
stability in DH5a. Expression of individual
nsPs 1-4 was done using pTSF1 and pTSF2
(Peränen et al., 1990), pTSF3 (Peränen,
1991) and pONS4 (Peränen, unpublished).
pTSF plasmids are derivatives of pGEM
(Promega). pcDNA4/TO (Invitrogen) and
pEGFP-N1 (Clontech) were used to ex-
press nonstructural polyproteins and to
create green fluorescent protein (GFP) fu-
sion proteins as detailed in articles III and
IV, respectively.
2. Yeast two-hybrid analysis
(unpublished)
GAL4-based MATCHMAKER Two Hy-
brid System 2 (Clontech) was used for the
interaction analysis of nsPs in yeast Sac-
charomyces cerevisiae. Wt nsPs and dele-
tion mutants (Table 1) were cloned into
plasmids pAS2-1 and PACT2 (Clontech)
to create hybrid proteins consisting of nsP
region fused to the DNA binding domain
or to the activator domain of GAL4 tran-
scription activator, respectively (Fig. 3).
The constructs were created by subcloning
the nsP coding regions (by Ahola T.,
Auvinen P. and Salonen A.) from the pTSF
plasmids (wt nsPs) or from nsP derivative
constructs specified in Table 1. To test nsP
interactions, combinations of pAS2-1 and
PACT2 plasmids were co-transformed into
Y187 yeast strain (Clontech) according to
manufacturer´s instructions. Hybrid pro-
teins are targeted to the nucleus, and if the
non-GAL4 parts, i.e. the proteins of inter-
est, interact with each other, the transcrip-
tional activator will be functionally recon-
stituted leading to phenotypically detect-
able reporter gene expression. Each plas-
mid was also tested separately to verify that
they are not able to activate transcription
alone. Y187 strain is auxotrophic for Trp
and Leu and has a reporter gene (lacZ)
Table 1. nsP constructs used in the
yeast two-hybrid analysis
*contains aas S, L, I and K in
  addition to the nsP1 aa 1-388
1 Laakkonen et al., 1996
2 Ahola, 1997
3 Rikkonen et al., 1992
4 Vihinen et al., 1991
5 Auvinen, unpublished
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under the control of GAL4-responsive se-
quences. Transformants were grown on the
selection plates lacking Trp and Leu. Five
to ten colonies per experiment were fur-
ther grown into pure cultures and viable
clones tested for beta-galactosidase activ-
ity to detect protein-protein interaction.
Blue (=positive) colonies were picked from
the X-gal plates, retransformed and tested
again for beta-galactosidase activity.
3. Infection and transfection
BHK cells were infected using 50 PFU of
SFV per cell. Expression of nsPs in HeLa
and BHK cells was initiated using 5-20 and
30-50 PFU of recombinant adeno- or vac-
cinia viruses (MVA) per cell, respectively.
Virus stocks were diluted to minimal es-
sential medium supplemented with the
bovine serum albumin (MEM + 0.2 %
BSA), and adsorpted to cells for 45 min –
2 h depending on the virus. MVA-infected
cells, expressing T7 RNA polymerase,
were transfected after 45 minutes with
pTSF plasmids carrying the nsP gene un-
der T7 promoter. Transfections were done
in OPTIMEM (Invitrogen) using
Lipofectin (Invitrogen), ExGen500 (MBI
Fermentas) or FuGENE 6 (Roche) trans-
fection reagents according to manufactur-
ers´ instructions. After three hours the
transfection mixture was replaced with full
medium and then treated as explained in
III and IV. SFV- and adenovirus infected
cells were overlaid with fresh, cell specific
culture medium after removing the virus
inoculum and incubated as specif ied in II
and III. Insect cells were infected with
Fig.3. Simplified representation of yeast two-hybrid system constructs and the fusion proteins they
encode. Multiple cloning site (MCS) and the genes encoding amino acid biosynthetic enzymes are
marked to plasmids. The resultant fusion proteins, whose organization and amino (N) and carboxy (C)
termini are depicted, can interact only if the non-GAL4 parts of the hybrid proteins interact with each
other. BD = DNA binding domain, AD = activatory domain.
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recombinant baculoviruses (10 PFU/cell)
in High Five medium and incubated for 4
h before changing the medium to fresh one.
4. Radioactive labelling, cell
fractionation and chemical cross-linking
[35S] methionine, [32P]orthophosphate and
[3H]palmitic acid labelling of cells is de-
scribed in II-IV. The post nuclear super-
natant (PNS) used in many experiments
was prepared as follows: Cells expressing
nsPs or polyproteins were collected by
scraping to ice cold phosphate buffered
saline (PBS) and pelleted at 250 x g for 10
minutes. Cells were resuspended in hypo-
tonic buffer (10 mM Tris-HCl, pH 8.0 and
10 mM NaCl, supplemented with protease
inhibitor coctail; Roche) and allowed to
swell on ice for 10-15 minutes before the
Dounce homogenization. PNS was pre-
pared by removing the nuclei and intact
cells by centrifugation at 500 x g for 10
minutes. For some experiments PNS was
further centrifugated at 15 000 x g for 20
minutes to obtain membrane pellet (P15)
and supernatant (S15) fractions.
For the cross-linking of labelled nsPs
100 µl of P15 was incubated with 0.1 mg/
ml of DSP (dithiobis-succinimidyl-propi-
onate, Pierce) for 30 minutes on ice. Be-
cause DSP is reactive on primary amines,
the preparation and subsequent immuno-
precipitation of P15 were carried out in
modified buffers containing Hepes instead
of Tris to omit competing amine groups
from the buffer. Cross-linking reaction was
stopped by adding 1 M Tris-HCl, pH 7.5
to the f inal concentration of 40 mM.
Samples were denatured by boiling in 1 %
SDS prior to immunoprecipitation. Cross-
linked proteins were released by reductive
cleavage upon the addition of SDS-sample
buffer in the elution step of immunopre-
cipitation.
5. Flotation and extraction analysis
Membrane association of ns polyproteins
and nsP1 binding peptide mutants was as-
sayed by flotation analysis in discontinu-
ous sucrose gradients essentially as de-
scribed by Laakkonen et al. (1996). Briefly,
PNS fractions were adjusted to a final su-
crose concentration of 60 % (w/w) and lay-
ered on top of the sucrose cushion to
polyallomer tubes. Samples were overlaid
by 50 % and 10 % sucrose and ultracentri-
fuged over night, during which membranes
and the membrane associated proteins float
to the top of the tube. Nine fractions were
collected from the above and immunopre-
cipitated with specific anti-nsP antiserum
as described below. Precipitates were
analysed by SDS-PAGE followed by
immunoblotting or autoradiography.
To study the tightness of membrane
binding the floated fractions were sub-
jected to 1 M salt, pH 11.5 or 50 mM
EDTA and fractionated to P15 and S15 to
see if the treatment could release the pro-
tein from the membranes (III).
6. Antisera and cell staining reagents
The preparation of polyclonal rabbit and
guinea pig antisera against SFV proteins
is described in II. In addition, anti-E2
(Väänänen, 1982) antiserum was used. A
variety of organelle specific markers used
for the characterization of CPVs and their
cellular origin is listed in II. Rhodamine
labelled concanavalin A (ConA; Sigma)
was used for the plasma membrane stain-
ing (Fig. 7F and IV).
7. Immunoprecipitation and
 immunoblotting
To study the interactions of nsPs (II, III)
or to concentrate samples (III, IV) radio-
labelled material (PNS, P15, S15 fractions,
cell lysate or flotation fractions) were sub-
jected to immunoprecipitation using
polyclonal rabbit anti-nsP antisera as de-
scribed in II and III. Samples were dena-
tured with 1 % SDS prior to immunopre-
cipitation except in co-precipitation stud-
ies. The immunoprecipitation-recapture
method consisting of two successive pre-
cipitations and allowing the dissection of
multiprotein complexes is described in
detail elsewhere (Bonifacino et al. 1999)
and briefly in II and III.
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For immunoblotting proteins were
first separated in SDS-PAGE gel and sub-
sequently electrotransferred to a nitrocel-
lulose membrane (Hybond–C-extra,
Amersham). Filters were blocked with
5 % milk powder in PBS supplemented
with 0.1 % Tween 20 (PBST) and probed
with relevant anti-nsP rabbit antibody in
the same buffer. PBST was used for the
washing and during the incubation of the
filter with anti-rabbit horseradish peroxi-
dase conjugated secondary antibody
(DAKO). The proteins were visualized us-
ing enhanced chemiluminescence (ECL)
detection system (Amersham).
8. Enzyme assays
NTPase and RNA triphosphatase assays,
used to study the enzymatic activities of
ns polyproteins in III, are described in
detail  in Vasiljeva et  al . ,  2000.
Methyltransferase assay used in III is also
described earlier (Laakkonen et al., 1996).
The enzyme source, either a cell lysate
(NTPase and RNA triphosphatase assays)
or PNS (methyltransferase assay) from
cells expressing ns polyproteins, was im-
munoprecipitated using relevant anti-nsP
antibody before assays.
9. Immunofluorescence and electron
microscopy
For the microscopic analyses cells were
grown over night on glass coverslips. BHK
cells were SFV-infected (II) and HeLa
cells were transfected with plasmids or
infected with adenoviruses or with SFV
(III, IV, unpublished). Mock-infected and/
or untreated cells were included as con-
trols in all experiments. SFV-infected cells
were fixed (with 4 % PFA for immunof-
luorescence, for EM, see below) at vari-
ous timepoints (II), or after 5 hours p.i.
(III), as were the cells transfected using
MVA (III and IV). Expressions based on
cytomegalovirus promoter (CMV) either
on plasmids (III, IV) or in the recombi-
nant adenoviruses (III) were fixed after
24-28 hours of incubation. For indirect im-
munofluorescence the cells were stained
using anti-nsP antibodies and organelle
specific markers (II-IV), or anti-nsP1 and
anti-E2 antibodies (IV). The cells were
permeabilized using 0.1 % TritonX-100
before subjecting them to the antibody
treatments. The plasma membrane stain-
ing with rhodamine conjugated ConA was
done to intact cells, prior to intracellular
staining.
Conventional EM processing and
immuno-EM labelling of preembedded
Epon sections and ultrathin frozen sections
are described in II. Immuno-EM based on
nanogold conjugated Fab fragments (III,
IV) is described in III.
10. Virus production from SFV infec-
tious cDNA
Derivatives of the pSP6-SFV4 infectious
cDNA containing mutations in the nsP1
lipid binding region were transcribed in
vitro and transfected to BHK cells as speci-
fied in IV. To determine if mutants resulted
into successful infection fresh BHK cells
were incubated with aliquots of transfec-
tion media and analysed by indirect im-
munofluorescence for the synthesis of the
nsPs and envelope proteins. Further, the
media collected from the transfected cells
were analysed using hemagglutination and
plaque assay to quantitate the amount of
infectious par ticles (Keränen and
Kääriäinen, 1974). To verify the genotypes
of the obtained viruses their RNA was ex-
tracted, subjected to reverse transcription,
PCR and sequencing as described in IV.
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RESULTS
1. SFV replication
complex in infected cells
1.1. Localization (II)
Immunostaining of SFV-infected cells was
carried out by utilizing the monospesific
antisera raised against nsPs in two animal
species, rabbits and guinea pigs. There was
no difference in the staining pattern of each
nsP between the two sera prepared in dif-
ferent species (data not shown). Immuno-
staining localized each nsP to perinuclear
vacuoles, or typical CPVs (II, Fig. 1A-F).
In addition to their overlapping localiza-
tion each nsP was found outside the CPVs
as well. NsP1 was detected in the plasma
membrane and in filopodia (Peränen et al.,
1995; Laakkonen et al., 1996 and 1998),
nsP2 in the nucleus (Peränen et al., 1990)
and nsP3 in the cytoplasm in spots of dif-
ferent size (Peränen and Kääriäinen,
1991). NsP4 appeared as a diffuce cyto-
plasmic protein. The newly synthesized
virus-specific RNA, detected by BrdU, co-
localized with nsPs to CPVs (II, Fig. 1I).
Transmission EM showed typical cyto-
pathic vacuoles, which in cryoimmuno-
EM stained with anti-nsP antisera (II, Fig.
2). Further, double staining of preembed-
ded Epon sections with anti-BrdU and anti-
nsP3 labeled vacuolar membranes contain-
ing spherule-like structures, suggesting
that these 50 nm vesicles forming from the
membrane of CPVs might be the actual sites
of RNA synthesis (II, Fig. 2B).
1.2. Composition (II, unpublished)
The interactions between nsPs were origi-
nally studied after chemical cross-linking
of proteins, which stabilizes protein com-
plexes and maintains the interactions be-
tween proteins during the denaturation,
often improving the yield and specif icity
of the subsequent immunoprecipitation.
The radiolabelled cytoplasmic membrane
fraction from SFV-infected cells was cross-
linked prior to immunoprecipitation with
DSP as explained in Material and Meth-
ods. DSP cross-links proteins by forming
a 12 Å spacer arm between the primary
amines, and can be cleaved in reducing
conditions. The immunoprecipitation with
anti-nsP antibodies resulted in co-precipi-
Fig.4. Immunoprecipitation experiments from [35S]methionine-labelled SFV-infected cells. A) Cross-
linking of nsPs. P15 membrane fraction was cross-linked with DSP as explained in Material and Meth-
ods and immunoprecipitated using antibody against each nsP as specified with the number above the
lanes. Samples were denatured (D) or left native (N) for immunoprecipitation. Proteins were analysed
in 10% SDS-PAGE gels and visualized with autoradiography. B) Immunoprecipitation-repacture analysis
showing the co-precipitation of lamp2 and four nsPs. Infected cells were collected directly to
nondenaturing immunoprecipitation buffer (NET; 1% NP40, 50 mM-Tris-HCl pH 8.0, 150 mM NaCl,
5 mM EDTA, supplemented with protease inhibitor coctail) and first immunoprecipitated with anti-
lamp2 antibody, denatured and again immunoprecipitated in three separate portions using a combina-
tion of anti-nsP1 and anti-nsP4, anti-nsP2 and nsP3 or lamp2 as indicated in the picture. Samples were
analysed like in A. The amount of labelled lamp2 (about 110 kDa) was below the detection limit with
the used exposition. Molecular weight markers and positions of nsPs are indicated on the left and right,
respectively, in both images.
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tation of other nsPs indicating that they
were intimately assembled together (Fig.
4A). However, there were differences in the
extent of co-precipitation between nsPs;
the interaction between nsP1 and nsP4 was
very strong, while nsP2 and nsP3 co-pre-
cipitated with nsP4 to much lesser extent.
Compared to these, other nsPs showed
moderate co-precipitation with each other.
The relationship between nsP1 and nsP3,
not resolvable in normal SDS-PAGE gels,
was determined from modified gels con-
taining lower amount of bisacrylamide (not
shown; for details see II, Fig. 3).
Similarly, immunoprecipitations of
native P15 fractions from infected cells
revealed that each anti-nsP antiserum was
able to co-precipitate other three nsPs, thus
indicating that they were associated in a
protein complex (II, Fig. 3). The complex
was stable enough to stay intact through
the cell fractination and immunoprecipi-
tation procedure. Similar co-precipitation
results from cross-linked and native
samples indicated that the co-occurrence
of nsPs was due to the direct protein-pro-
tein interactions. The immunoprecipita-
tion-recapture method designed to study
multiprotein complexes allowed us to do
preliminary and rough stoichiometric
analysis of the polymerase complex. Two
successive immunoprecipitations using
different anti-nsP antibodies ensured that
every molecule detected in a second pre-
cipitate has originally been a part of the
complex. Thus, we quantitated the
[35S]methionine-labelled nsP bands after
second immunoprecipitation and, after
correcting the results according to the
amount of methionine residues in each pro-
tein, ended up in a rough estimate of ra-
tios 4:1:2:1 for nsP1:nsP2:nsP3:nsP4, re-
spectively (II). It should be noted, how-
ever, that the final yield of each compo-
nent may be affected by the antibody avid-
ity and the strength of binding to the com-
plex.
Finally, when antibody against lamp2,
a lysosome associated membrane protein,
was used to immunoprecipitate P15 frac-
tion from SFV-infected cells, all four nsPs
were detected in the precipitate (Fig. 4B).
This suggests that SFV RC is attached to
the membrane domain defined by lamp2.
Fig.5. Immunogold localization of CPVs accumulated near the nucleus (N) in SFV-infected HeLa
cells. Cells were infected with SFV and fixed at 5 h p.i., followed by saponin permeabilization and
staining with anti-nsP1 antibody and Nanogold-conjugated Fab-fragments. Bar: 2 µm.
Results
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1.3. Morphogenesis (II)
The endo-lysosomal origin of CPVs car-
rying the SFV RCs was confirmed by EM-
studies, which showed endocytosed BSA-
gold within typical CPV-structures (II, Fig.
2A). Furthermore, several markers of the
late endosomal compartment, including
lamp1 and lamp2, co-localized in CPVs
with anti-nsP3 (II, Fig. 4A-C, E). A sub-
population of late endosomes defined by
antibodies against CI-MPR and Rab9 was
not involved in CPVs. The early endosomal
markers of the classical, clathrin-mediated
pathway did not remarkably co-stain with
nsP3 (II, Fig. 4G-J). Markers for the
clathrin-independent endocytosis pathway
were not tested.
Light and electron microscopic im-
ages taken at different time points after
infection revealed that the amount of CPVs
first increased, but started to decrease af-
ter 3 or 4 h accompanied by a progressive
enlargement in CPV size, probably reflect-
ing fusion or other “pooling” activity. The
location of CPVs in cells was variable; they
were found just under the cell surface, in
actual contact with it and also deeper in
the cell in the perinuclear area (II, Fig. 6A-
D and Fig. 5). The distribution pattern sug-
gests that CPVs were not spatially fixed.
In fact, the cell surface was dynamically
connected with CPVs, evidenced by pro-
files implying transport to and from the
plasma membrane (II, Fig. 6A and E, 7).
Consequently, spherules could be seen on
the outer surface of the plasma membarane
as well as in coated vesicles (II, Fig. 6).
Occasional discharge of freed spherules
suggested that they could be excreted out
of the infected cell.
2. Interactions between SFV nsPs
2.1.Yeast two-hybrid analysis
(unpublished)
Yeast two-hybrid analysis is a widely used
in vivo method to study interactions be-
tween two proteins. The system has also
been used to map the interacting domains
and residues within proteins as well as to
fish cellular partners using cDNA librar-
ies (reviewed in Luban and Goff, 1995).
We used the two-hybrid analysis to study
the contacts between SFV nsPs. The ap-
proach is not suitable for all proteins, and
in our case it failed to show any interac-
tion between the wt full length nsPs. Also
the so-called dimer test, probing for the
multimerization tendency of a given pro-
tein, was negative even for nsP1, which
always appears as oligomer. The internal
positive control, based on the interaction
between the murine p53 and SV40 large T
antigen, worked normally. Wt nsP3 fused
to the DNA binding domain of GAL4 tran-
scription activator was autonomously ac-
Fig.6. Results of the two-hybrid analysis. NsPs
and their derivatives fused to the GAL4 DNA
binding domain (in row) and to the activatory
domain (in column) were co-expressed in yeast
cells, and nsP interactions were detected by as-
saying colonies for beta-galactosidase (LacZ)
activity. NsP1 1-338SLIK as DNA binding do-
main fusion was omitted from the figure because
it gave positive results with all constructs and
was considered a spurious positive. For each nsP
combination, the reporter gene activity is repre-
sented by a square. Black squares implicate in-
teractions detected in more than 50 % of analysed
colonies, gray squares those were less than half
were positive, and white were no positives were
detected. The total number of colonies tested per
each pair ranged from 5-10. The properties of
the nsP constructs and why they were selected
for the interaction analysis is discussed in the text.
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tive, and was not used in the interaction
analysis. NsP2 R649D mutation, disrupt-
ing the nuclear localization signal
(Rikkonen at al., 1992), was included as a
control in order to see whether the intrin-
sic nuclear localization of wt nsP2 affects
the two-hybrid results. This issue was not
cleared, since both nsP2 constructs gave
only one positive result (Fig. 6), the wt
interacting with C-terminal nsP1 fragment
and the R649D mutant with the wt nsP2.
The truncated forms of nsPs gave
some positive results (Fig. 6). Since the
tight membrane binding of nsP1 was likely
to be problematic in the two-hybrid assay,
we analysed truncated nsP1 derivatives,
which either do not bind to membranes (C-
terminal fragments covering aa 264-537
and 320-537) or bind with a reduced af-
finity (nonpalmitoylated C418-420A mu-
tation and three N-terminal fragments;
Laakkonen et al., 1996; Ahola, 1997).
There was some self-interaction between
the N-terminal fragments of nsP1. More-
over, the C-terminal parts of nsP1 fused
to the DNA binding domain showed inter-
action to nonpalmitoylated nsP1, to wt
nsP2 and wt nsP3, and to the conserved
N-terminal fragment of nsP3 (aa 1-328).
A longer nsP3 construct, extending from
the conserved part to the phosphorylation
region of the variable C-terminal tail (aa
1-421) interacted with itself and the wt
nsP3. Shorter forms of nsP2 or nsP4 were
not included in the analysis.
Importantly, most interactions were
detected only “one-way”, i.e. were not re-
produced when the vectors were swapped.
Interactions independent on used vector
combination were all nsP1 constructs,
more specif ically N-terminal parts and
nonpalmitoylated fulllength protein.
2.2. Co-expression of nsPs in mamma-
lian cells
2.2.1. Co-immunoprecipitation
experiments (III)
To study the interactions of nsPs in HeLa
cells we established a simplif ied system
where we expressed the nsPs in combina-
tions of two using a recombinant vaccinia
virus aided transfection and plasmids en-
coding a single nsP. Cells were metaboli-
cally labelled and PNS was immunopre-
cipitated separately by both relevant anti-
nsP antibodies. Surprisingly, only nsP1 co-
precipitated with nsP4 and nsP3 while the
other pairs had no affinity to each other
(III, Fig. 2A-B). Importantly, nsP2 did not
interact with any other nsPs. We also ex-
pressed all four nsPs together, again from
separate plasmids and used immunopre-
cipitation-recapture method to analyse
their ability to form a complex and asso-
ciate with each other. The results con-
firmed those obtained from pairwise ex-
pressions; nsP1 interacted with nsP3 and
nsP4, whereas nsP2 failed to catch any
other nsPs (III, Fig. 2C).
2.2.2. Immunofluorescence studies
 (III, unpublished)
The individual subcellular localization of
nsPs during infection (see 1.1.) could be
reproduced by expressing the nsPs by
transfection (Fig. 7A-D). The proteins
were also expressed in pairwise combina-
tions for microscopy analysis to see
whether any CPV-like structures exist and
moreover, if any nsP affects the localiza-
tion of other nsP for instance by recruit-
ing it to another cellular compartment.
Pairwise expression did not result in any
CPV-like structures or other remarkable
co-localization of nsPs (shown for nsP1
and nsP3, Fig. 7E) indicating that mature
nsPs do not interact to an extent detect-
able by immunofluorescence microscopy.
The typical distribution of each nsP was
not altered by simultaneous expression of
another replicase component.
3. Characterization of the
nonstructural polyproteins (III)
Since the expression of mature nsPs re-
sulted in incomplete nsP interactions in
regard to the RC assembly we assumed that
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Fig.7. Immunofluorescence images of transfected HeLa cells expressing nsP1 (A), nsP2 (B), nsP3 (C),
nsP4 (D), nsP1 and nsP3 together (E) or P12CA3 polyprotein (F). To visualize the proteins, a combina-
tion of a rabbit polyclonal antibody against a specific nsP and an anti-rabbit FITC-conjugated antibody
was used for each image, supplemented with a guinea pig anti-nsP1 and rhodamine labelled anti-
guinea pig serum (E) or with rhodamine labelled concanavalin A (F). In F, a single confocal micros-
copy section of the cell bottom, near the coverslip is illustrated.
Results
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the polyprotein stage might be necessary
for the complex formation. To test this
hypothesis we expressed the full length
SFV nonstructural polyprotein P1234 and
its cleavage intermediates in eukaryotic
cells (III, Fig.1). We utilized the immu-
noprecipitation-recapture method again to
analyse how nsPs derived from a
polyprotein precursor interact with each
other after polyprotein processing.
[35S]methionine-labelled membrane frac-
tions from insect cells expressing P1234
and P123 were subjected to two succes-
sive immunoprecipitations using anti-nsP
antisera. Analysis of P1234 resulted into
co-precipitation of nsP1-nsP4, and of
P123 into co-precipitation of nsP1-nsP3,
respectively, indicating that nsPs as-
sembled into complex (III, Fig. 2E). This
resembled the situation in virus infected
cells (1.2., II, Fig. 3), but differed signif i-
cantly from that obtained after the co-ex-
pression of individual nsPs (2.2., III, Fig.
2C). The result also indicates that all nsPs
attach to the complex primarily via direct
protein-protein contacts and only partially,
if at all, through binding to the template
RNA.
The biochemical characterization of
molecules carrying out the alphavirus mi-
nus strand synthesis has been hampered by
their temporary nature; polyproteins are
short-lived and exist mainly in the begin-
ning of infection when the host protein
synthesis is still ongoing. To be able to
analyse the polyproteins we created their
cleavage-deficient derivatives, whose pro-
cessing was prevented due to a mutation
in the active site of nsP2 protease (C478A,
hereafter CA, III, Fig. 1). The noncleavable
polyproteins had enzymatic activities and
posttranslational modifications described
earlier for their constituent nsPs. This in-
dicated that nsP domains were correctly
folded in the precursor molecules. It is
known, however, that at least nsP1 and
nsP2 domains fold correctly also upon in-
dividual expression and thus do not require
co-operational folding.
4. Membrane association and
targeting of the replication com-
plex
4.1. Early events:
Polyprotein stage (III)
Since the membrane association and tar-
geting of alphavirus RC is a fundamental
step in the virus infection, we took advan-
tage of the polyproteins and aimed to un-
derstand these processes better. As ex-
pected, polyproteins containing the nsP1
domain, including the minus strand poly-
merase component P12CA3, were mem-
brane associated and displayed binding
properties typical for nsP1 alone (III, Fig.
3A-B). Accordingly, the polyprotein con-
structs devoid of nsP1 domain, including
the suggested minus strand polymerase
component P2CA3, were not able to bind
the membranes.
The noncleavable polyproteins were
used to characterize the targeting determi-
nants of the alphavirus RC. The localiza-
tion of P12CA to plasma membrane and
even to nsP1-induced filopodia, thus reit-
erating the localization of nsP1 alone, was
very evident (III, Fig. 5B). Biologically
the most interesting construct, the minus
strand polymerase component P12CA3, was
found in the vesicular structures resem-
bling CPVs during infection. Some P12CA3
vesicles were near or at the cell surface
(Fig. 7F and III, Fig.6A). Majority of them
were cytoplasmic and co-stained partly
with lamp2 (III, Fig. 5C and 5I). Accord-
ing to the immuno-EM analysis P12CA3
vesicles look very similar to the authentic
CPVs  (III, Fig. 6), but their status in re-
spect to the primary criteria for genuine
CPVs, the existence of spherules, remains
to be determined. The decisive role of nsP3
domain in the vesicular targeting of P12CA3
polyprotein is surprising, given that as
mature, individually expressed protein
nsP3 localized mostly to cytosolic aggre-
gates having no detectable contact with
membranes (III, Fig. 7A-B). Similar ag-
gregates were detected also in SFV infec-
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tion, where nsP3 was distributed between
CPVs, cytosolic aggregates and patches at
the plasma membrane (III, Fig. 6C and
7C). Other constructs carrying the nsP3
domain, P34 and 2CA3, were cytoplasmic
with somewhat granular appearance (III,
Fig. 5D-E).
We analysed also the effect of the
polyprotein stage on the localization of
nsPs using cleavable polyproteins. Some-
what surprisingly, each nsP seemed to lo-
calize independently and co-localization
was below the detection limit (shown for
nsP1 and nsP2 derived from P12 in III,
Fig. 5A). Although polyprotein-derived
nsPs clearly co-immunoprecipitated from
the membrane fraction (III, Fig. 2E), mi-
croscopy revealed that from the total pool
of nsPs only a small fraction stays together
after cleavage. This is the situation also in
SFV infection (see 1.1.).
4.2. Role of the membrane binding pep-
tide of nsP1 in RNA replication (IV)
The central membrane binding region of
SFV nsP1 has been mapped by mutational
analysis to amino acids 245-264, where
certain individual residues appeared criti-
cal for the membrane binding and enzy-
matic activity of nsP1 (Ahola et al., 1999;
Lampio et al., 2000). To further character-
ize the nature and signif icance of con-
cerned residues we expanded their analy-
sis to the mammalian cells (IV, Fig. 1A).
Immunofluorescence microscopy analysis
revealed that mutants R253A, K254E,
L255A+L256A and R257E had little or no
effect on the plasma membrane localiza-
tion or filopodia induction compared to
that of wt nsP1 (IV, Fig. 4A-E). In con-
trast, nsP1 derivatives containing R253E
or W259A mutation were completely ab-
sent from the cell surface and filopodia,
and appeared cytoplasmic instead (IV, Fig
4F-G). Based on the immuno-EM analy-
sis R253E and W259A were in the cyto-
plasm as well as attached to the intracel-
lular membranes without any organellar
specificity (data not shown). We fused the
binding peptide (BP) segment as a single
or tandem copy to GFP and analysed the
subcellular localization of these fusion
proteins. One copy of the peptide did not
detectably change the localization of the
marker protein, while repeated peptide se-
quence was sufficient to redirect a frac-
tion of GFP to the plasma membrane (IV,
Fig. 6). The biochemical characterization
of nsP1 derivatives carrying the BP muta-
tions revealed that those localizing to the
plasma membrane were palmitoylated like
wt nsP1, whereas only a small fraction of
R253E and W259A could be labeled with
[3H]palmitic acid (IV, Fig. 2). To be able
to separate the contribution of the lipid
modification and the amphipathic helix in
the membrane binding of nsP1 derivatives,
we mutated the palmitoylation site
(Cys418-420Ala; Pa-) in some of the con-
structs. The concerned mutation severely
affects the property of nsP1 to induce
filopodia (Laakkonen et al., 1998). The
inhibition of palmitoylation blocked
filopodia induction also in K254E/Pa-, but
did not affect the localization of the cyto-
plasmic derivatives R253/Pa- or W259A/
Pa- (IV, Fig. 5). A crude subcellular frac-
tionation of cells expressing the nsP1 de-
rivatives showed that the majority of
R253A, K254E, L255A&L256A and
R257E were in P15 fraction containing the
cytoplasmic membranes and virtually all
wt nsP1, whereas about half of the R253E
and W259A stayed in the supernatant con-
taining the soluble proteins (IV, Fig. 3). In
the flotation assay 40-50 % of the R253E
and W259A were associated with HeLa
cell membranes in contrast to the wt nsP1
of which about 80-90 % floated under the
same conditions (IV, Table 1). When the
BP mutations were introduced to the in-
fectious cDNA of SFV, R253E and W259A
failed to initiate the infection while the
other mutants were viable (IV, Table 2). In
conclusion, R253 and W259 appear to be
the most critical individual residues deter-
mining the membrane binding ability of
nsP1 and consequently, the replication
competence of the virus.
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DISCUSSION
1. SFV replication structures
The studies on alphavirus RNA replication
have mainly concentrated on the
characteriziation of the plus strand synthe-
sis by the stable polymerase complex. This
work supplements the view of the
alphavirus replicase build on previous re-
ports by verifying that all four nsPs and
viral RNA were found in modified late
endosomes and lysosomes, or CPVs (II).
Cryoimmuno-EM allowed more accurate
localization of the replicase components
to the spherules in the limiting membrane
of CPVs. The biogenesis of CPV structures
and its dependence on time and virus dose
were studied by EM. With 20 PFU/cell first
solitary spherules emerged inside intra-
cellular vacuoles and on the plasma mem-
brane few hours after infection. The num-
ber of spherules increased as the infection
preceeded. A tenfold increase in the virus
dose allowed the detection of the f irst
spherules earlier, already after one hour.
By time the number and diameter of CPV
structures increased irrespectively of the
initial virus dose. The spatial distribution
of CPVs was diverse, ranging from peri-
nuclear area to the periphery of the cell.
Moreover, the cell surface was decorated
with clusters of spherules. In the report by
Grimley et al. (1968) membranous struc-
tures at the surface of SFV-infected cell
were shown to incorporate tritiated uridine,
suggesting that plasma membrane associ-
ated spherules are active in RNA synthe-
sis. Our study suggests that late in infec-
tion the appearance of spherules at the cell
surface results from the fusion of CPVs to
the plasma membrane. Since internali-
sation profiles of spherules were also seen
during infection, it seems that spherules
are recycled between the CPVs and the
plasma membrane. Later in infection some
spherules were released to the exterior of
the cell.
In order to understand these static
observations as a part of a coherent bio-
logical pathway we propose the following
model for the biogenesis of CPVs. In the
beginning of infection the primary trans-
lation of genomic RNA is likely to happen
at or close to the site where the genome is
uncoated and emerges to the cytoplasm.
Fusion between the viral envelope and the
endosomal membrane starts at pH 6.2,
which cor responds to that of early
endosomes, thus making them the most
probable site for the initial nsP translation.
The phospholipid content on the outer sur-
face of endosomes is favourable for nsP1
to anchor itself and the nascent P1234
polyprotein to this membrane, possibly co-
translationally (III, IV). By the phospho-
lipid criteria the inner surface of the
plasma membrane is equally potential site
for the polyprotein attachment. The forma-
tion of the first spherules might take place
already after the primary translation, which
results to the formation of the initial RCs.
According to the current understanding,
each spherule represents a unit of replica-
tion and accommodates one molecule of
RNA template as well as the replication
machinery associated with it. The genomic
RNA of almost 12 kb has an extended
length of about 4 µm, which must be con-
densed 80-fold in order to fit into a 50 nm
spherule. Moreover, the template RNA
may exist as a double stranded molecule,
further implying that one spherule cannot
enclose several template RNAs. As infec-
tion goes on, the amplification of RNA and
concomitant translation of new nsPs lead
to generation of new spherules. The lower
the initial virus dose, the more amplifica-
tion steps are required to produce the f i-
nal amount of spherules.
 As suggested above, the localization
of spherules both at the plasma membrane
and in the CPVs most likely reflects their
circulation between the endosomal com-
partment and the plasma membrane. Ap-
parently pre-CPVs, categorized to early
endosomes, arise through the attachment
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of the initial RCs and concomitant spher-
ule formation. The transient intermediates
are converted to mature CVPs, which are
perinuclear late endosomes and lysosomes,
possibly through membrane fusion and
other events participating in the matura-
tion of cellular endocytic organelles as well
(Luzio et al., 2001). Accordingly, the main
direction of CPV flow in the cells is likely
to be inwards, explaining the accumula-
tion of CPVs to the perinuclear area. Trav-
elling along the constitutive endocytic traf-
fic is evidenced by co-localization of the
endocytic tracers and the CPVs. Moreover,
abundant localization of nsPs in late
endosomes and lysosomes, revealed by
confocal microscopy, indicate the accumu-
lation of RCs to the terminal compartment
of endocytic pathway. The co-occurrence
of lamp2 and the replicase proteins was
also detected by immunoprecipitation.
It is not clear from which compart-
ment the CPVs traffic to the opposite di-
rection, towards the cell surface. CPVs
were clearly distinct from the secretory
route. Transferrin receptor, a marker for
the main endocytic recycling pathway, did
not generally co-localize with CPVs, but
was found late in infection inside large
CPV structures (II, Fig. 4J and K). Release
of disconnected spherules to the exterior
of the cell resembles secretion of exo-
somes, which are spherule-sized exocyto-
sed vesicles deriving from multivesicular
late endosomes, or lysosomes (reviewed in
Denzer et al., 2000). Furthermore, exocy-
tosis of conventional lysosomes has been
observed in response to invading patho-
gens e.g. Trypanosoma (Rodriguez et al.,
1999). The process is Ca2+-dependent and
enhanced by the disruption of the host cell
actin cytoskeleton. Although the purpose
and mechanism of the spherule secretion
remain unknown, the observation itself
provides one possible way for the charac-
terization of the spherules based on their
isolation from the culture media. Obvi-
ously, more work is needed to better un-
derstand CPV and spherule trafficking and
their possible relationship to the cellular
processes. Selective blocking of endocy-
tosis and the subsequent transport steps
would be illuminating and applicable tools
to approach the dilemma.
The mechanism of spherule formation
is not understood. Generally, viral repli-
case proteins as such or their activity in
RNA synthesis appear to be sufficient to
induce membrane invagination or vesicu-
lation characteristic for plus strand RNA
viruses (I). Data from BMV suggest that
the viral replicase components might
themselves act as structural building
blocks for the spherules (see below), al-
though the selective recruitment of cellu-
lar proteins and/or lipids might also play
at least a partial role in the membrane de-
formation events during the virus replica-
tion. In this context the overproduction of
P123 molecules relative to P1234s occur-
ring in most alphaviruses could be ex-
plained so that only a fraction of P123
polyproteins participate in the catalytic
activity and the rest form a structural scaf-
fold for the replication. If assuming that
one RNA molecule directs the synthesis
of the amount of polyprotein molecules
suff icient to construct a spherule, they
would arise already as a result of primary
translation. Accordingly, the amount of
nsP4 molecules may be decisive for the
amount of RCs and thereby to that of
spherules. In the case of SFV the expres-
sion vector encoding the replicase proteins
but lacking all structural proteins is able
to induce spherules, while any of the indi-
vidual nsPs is not (our unpublished data;
Greive at al., 2002). Therefore, the delimi-
tation of domains within P1234, which
account for the minimum spherule-induc-
ing sequence, is of great interest and re-
mains to be solved. It is actually not
known, whether heterologous protein ex-
pression without the presence of template
RNA is even suff icient to induce
alphavirus spherules.
To date, the most advanced hypoth-
esis on spherule formation is based on
study with 1a protein of BMV expressed
in yeast (Schwartz et al., 2002). 1a (961
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aa) contains conserved methyltransferase
and helicase domains homologous to the
alphavirus nsP1 and the N-terminal part
of nsP2, respectively. Calculations based
on the immunolabelling proposed that hun-
dreds of copies of 1a form a coat inside
the spherule and consequently result into
membrane bending. The authors suggested
that spherule formation is mechanistically
analogous to the retrovirus budding. In-
deed, retrovirus Gag proteins as well as
matrix proteins of rhabdo-, paramyxo- and
influenza viruses are all able to assemble
into membrane and drive the budding pro-
cess without other viral proteins (Gheysen
et al., 1989; Li et al., 1993; Coronel et al.,
1999; Gomez-Puertas et al., 2000). The
matrix proteins are thought to oligomerize
into a coat scaffold to the cytoplasmic side
of membrane and by a yet undef ined
mechanism drive the bending of the mem-
brane.
Assistance of cellular protein(s) is
required for eff icient virus budding and
membrane f ission, exampled by Tsg101
(tumor susceptibility gene 101) recruited
by human immunodeficiency virus (HIV)
Gag (VerPlank et al., 2001; Pornillos et al.,
2002). Interestingly, Tsg101 normally
functions in the biogenesis of multive-
sicular bodies (MVBs), which arise from
endosomes by invagination of the limiting
membrane (Garrus et al., 2001). The au-
thors propose that HIV budding and MVB
formation are analogous processes and
could even be catalysed by the same ma-
chinery. The two processes share common
features like the ubiquitination of the par-
ticipating proteins, but many issues includ-
ing the membrane curvature mechanism
itself remain unsolved in both MVB for-
mation and virus budding (Pornillos et al.,
2002). Still, their mechanism could be
similar to spherule formation since in all
these events membrane bends away from
the cytosol and from the operating
protein(s), i.e. to the opposite direction
than in other cellular membrane vesicula-
tion or budding processes (Fig. 8A-B).
Despite of that, the well-characterized
Discussion
Fig.8. Schematic representation of two topologi-
cally different membrane curvature events, one
prevailing in endocytosis (A) and another in vi-
rus budding, MVB formation, and possibly in
spherule formation (B). Note the difference in
the localization of the curvature-inducing protein
in relation to the bending membrane between A
and B. C) Illustration of membrane bending due
to the insertion of protein into one leaflet. If the
surface area of one leaflet increases, both leaf-
lets accommodate by bending due to the coupling
of leaflets within a phopsholipid bilayer. D) A
hypothetical presentation of the arrangement of
SFV membrane modificating proteins and their
effects on the target membrane. NsP1 induces
filopodia by an unknown mechanism and P123
most probably participates in spherule formation.
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translationally palmitoylated and phospho-
rylated. The translation of P1234 is fol-
lowed by rapid cleavage between nsP3 and
nsP4 domains. This site is very sensitive
to the cleavage and can take place both in
cis (within one molecule) and in trans (in
a bimolecular reaction; Vasiljeva et al.,
2003). Presumably the first cleavage takes
place in the outer endosomal surface and/
or at the inner surface of the plasma mem-
brane. These compartments were strongly
labelled with the anti-nsP3 antibody in the
EM samples taken from the cells express-
ing cleavage-deficient P123 (III). Correct
targeting of the polyprotein required the
presence of both nsP1 and nsP3 domains
within one molecule,  since the
noncleavable P12 and P23 were directed
to the plasma membrane and to membrane-
free cytosolic structures, respectively. The
essential role of nsP3 in the polyprotein
targeting is very interesting. While nsP3
as an individual protein targets cytoplas-
mic structures completely irrelevant to the
replication sites,  as a par t  of the
polyprotein it seems to balance the strong
plasma membrane affinity of nsP1 domain,
and therefore contributes to the stabiliza-
tion and organization of the forming
RC
minus
. Upon heterologous expression,
one third of both nsP3 and its N-terminal
conserved fragment is peripherally asso-
ciated with the cytoplasmic membranes via
unknown mechanism (Vihinen et al., 2001;
own unpublished data). It can be hypoth-
esized that the combined action of nsP1
and nsP3 domains is also required for the
spherule formation. While nsP1 alone and
in P12 combination reorganize the target
membrane by f ilopodia induction, the
presence of nsP3 domain evidently inhib-
its, or, more likely, modifies this activity
(Fig. 8D). It would be interesting to study
whether filopodia and spherule formation
share any mechanistical similarity.
In addition to the co-localization of
nsPs in the RCs, each nsP appeared to have
also individual destination in the infected
cells. Although nsPs outside CPVs prob-
ably present surplus molecules not re-
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membrane curvature mechanism discov-
ered for certain cellular proteins deserves
mentioning. Amphiphysin, endophilin and
epsin are proteins acting in the endocyto-
sis, and they are shown to bind and tubulate
lipid bilayers via an amphipathic alpha
helix (Takei et al., 1999; Farsad et al.,
2001; Ford et al., 2002). In all cases the
partial penetration of helix into a lipid bi-
layer is the driving force for membrane
curvature (Farsad and Camilli, 2003).
Analogously to already identified cellular
proteins capable of membrane bending,
BMV 1a, l ike i ts counterpar ts in
alphavirus-like superfamily (tocacco mo-
saic virus (TMV) 126K, TYMV 140K and
alphavirus nsP1) are membrane associated,
have a tendency to multimerize and can
thus be imagined to form high-order lat-
tices on membrane surface (Goregaoker
and Culver, 2003; O´Reilly at al., 1998;
Prod‘homme et al., 2001; Laakkonen et al.,
1994, respectively). It should be noted that
the mechanisms of endocytic and viral pro-
teins to bend the membrane are actually
topologically opposite, since the leaflet
whose surface area increases upon protein
insertion is the one deforming (Fig. 8C).
This excludes the possibility that the dis-
cussed viral proteins, even those contain-
ing amphipathic helices, could use the
membrane curvature mechanism described
for epsin and related proteins.
2. Properties of the alphavirus
replication complex
2.1. Formation of the complex
To study the protein species dominating
in the beginning of the replication cycle
we expressed P1234, P123 and their cleav-
age intermediates both in wt and cleavage-
deficient form, the latter being a requisite
for the characterization of the otherwise
very short-lived proteins. Polyproteins
became membrane associated via their N-
terminal nsP1 domain, which was neces-
sary and sufficient for the membrane at-
tachment (III). Precursors became post-
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cruited for the RNA amplification, they
may well have other functions in infected
cells and thus contribute to the overall
manifestation of the infection. NsP1, be-
ing abundant at the plasma membrane and
in the f ilopodia, might participate in sig-
naling by interacting with lipids or other
proteins at the cell the surface. The ability
of nsP1 to modify cytoskeleton can affect
the transport of viral components. The cy-
toplasmic pool of nsP2, separate from the
replicase, is involved, at least, in the pro-
teolytic prosessing of nonstructural
polyproteins and in the inhibition of the
host cell protein synthesis (reviewed in
Strauss and Strauss, 1994). Until recently,
nsP3 has been used as a marker for the
CPVs in infected cells and thought to as-
sociate with vesicles of unknown identity
when expressed alone (Froshauer et al.,
1988, Peränen and Kääriäinen, 1991;
Vihinen et al., 2001). Our results demon-
strate that not all anti-nsP3 positive struc-
tures in infected cells are CPVs, and that a
considerable fraction of it localizes to
membrane-free aggregates both when ex-
pressed alone and during infection (III).
We saw some nsP3 in infected cells also
as patches at the cytoplasmic side of the
plasma membrane, previously noticed es-
pecially early in infection (Peränen and
Kääriäinen, 1991; Vihinen H., personal
communication). The plasma membrane
associated fraction of nsP3 might reflect
the suggested trafficking of CPVs to and
from the plasma membrane. So far the
characterization of nsP3 has not unraveled
any specific function for it. Phosphoryla-
tion of nsP3 suggests that it might be in-
volved in some regulatory events. NsP4 is
unlikely to participate in other processes
than replication since the fraction outside
RCs is rapidly degraded. Taking together,
the observed distribution of nsPs in and
outside the RCs allowed us to draw an im-
portant conclusion: none of the individual
nsPs alone can be used as a marker of the
RCs. This probably applies to most other
viruses as well.
2.2. Composition and conversion from
RC
minus
 to RC
plus
Distinct complexes carry out the synthe-
sis of minus and plus strand RNAs. Ac-
cording to well established view the pro-
cessing of P123 causes conformational
changes within the polymerase altering its
template preference from plus to minus
strands, thus converting the RC
minus
 to
RC
plus
(nsP1 + nsP2 + nsP3 + nsP4). The
cleavage between nsP1 and nsP2 always
precedes the 2/3 cleavage (Shirako and
Strauss, 1990; Merits et al., 2001; Vasiljeva
et al., 2001 and 2003), giving rise to nsP1,
P23 and nsP4. A complex composed of
nsP1+P23+nsP4 has been included in the
experiments characterizing the replicase
activity of heterologously expressed cleav-
age-deficient polyproteins, although P23
intermediate is not convincingly detected
in infected cells (Dé et al., 1996, de Groot
et al., 1990, Lemm et al., 1994 and 1998).
This combination was reported to synthe-
size minus strands and plus strand ge-
nomes, but not subgenomic RNAs. Our
work showed that in order to become mem-
brane associated, as required for any RNA
synthesis to occur, nsP1+P23+nsP4 must
inevitably derive from RC
minus
. Accord-
ingly, cleavage-def icient P23 was not
membrane associated and localized com-
pletely to the cytoplasm much like nsP3
alone (III, Fig. 5D and G). Moreover, upon
expression of the polyprotein P12^3,
where 2/3 site was mutated to prevent the
cleavage of this site (Vasiljeva et al., 2003),
the resulting molecules nsP1 and P23 fully
separated from each other and targeted to
the plasma membrane and cytosol, respec-
tively (unpublished data). Evidently  the
complex containing P23 represents a tran-
sition state between RC
minus
 and RC
plus
, and
is very shor t-lived due to the trans-
cleavability of the 2/3 junction.
Even though the conversion of RC
minus
to RC
plus
 takes place by precursor-product
type maturation, the shift involves very
likely additional factors as well, affecting
the properties of the complexes. The sto-
ichiometry of nsPs is an interesting aspect.
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All nsPs interacted with each other in in-
fected cells at 5-6 h p.i., suggesting their
assembly in the RC
pluses
 (II). Similar results
were obtained when P123 and P1234 were
expressed in the absence of RNA synthe-
sis, implying that interactions between nsP
domains were created during the
polyprotein step, and that most contacts
constructing the complex probably formed
in cis. Pure in cis complex would contain
equimolar amounts of nsPs. It seems more
likely, however, that the “original” amount
of nsPs in the complex is modified by the
entry or exit of components after the pro-
teolytic cleavages. The observed affinity
of nsP1 to nsP3 and nsP4 would allow
them to enter the RC also in trans, while
nsP2, having negligible aff inity towards
other nsPs, is susceptive to leave the com-
plex. Indeed, SIN P123 effectively re-
cruited soluble nsP4 to membranes in ex-
pression system, leading to the formation
of an active RC
minus
(Lemm et al., 1998).
Due to the observed in trans recruitment
of the polymerase the first cleavage releas-
ing nsP4 from the P1234 might, at least
theoretically, take place also prior to the
membrane anchoring of the polyprotein.
The attachment of nsP4 to P123 happens
most likely via nsP1 domain, since these
two nsPs systematically showed stronger
interaction than nsP1 and nsP3. Moreover,
nsP4 is reported to be exclusively mem-
brane bound together with nsP1 in SFV
infected cells (Peränen et al., 1988; Ahola
et al., 2000b).
Some additional information on the
nsP contact sites was acquired from the
yeast two-hybrid approach. The method
failed to detect any interactions between
the wt full length nsPs. The N-terminal
fragments of nsP1 self-interacted in spite
of their membrane binding properties,
while the C-terminus of nsP1 seemed to
interact with nsP2 and nsP3. The fact that
the interactions were not reproduced upon
switching proteins from DNA-binding fu-
sions to activating domain fusions may
suggest that the detected interactions are
not true positives. On the other hand, fold-
ing and the three dimensional structure of
the protein assayed may be critically dif-
ferent in each fusion. The fusions show-
ing any interactions usually gave more than
one positive result, possibly indicating
their competence to fulfil the interaction
requirements in general. Some of the con-
structs might have been incompetent to
participate in the interactions due to the
problems in the expression, folding or
nuclear targeting of the hybrid proteins, as
was reported for the mature Hepatitis C
virus (HCV) proteins, which failed to in-
teract in the classical two-hybrid assay
(Flajolet et al., 2000). Instead, several pre-
viously known and novel interactions be-
tween HCV proteins and their domains
were identified using two-hybrid libraries
made of random genomic fragments. Ob-
viously the two-hybrid analysis has its
limitations, and both positive and negative
results must be verif ied using other inde-
pendent methods. Genetic studies provide
some information on the probable nsP in-
teractions and their interaction domains.
Complementation between ts-mutations,
studied mostly with SIN, suggests possible
interaction between the C-terminal half of
nsP1 (involving aa Ala348, Thr349,
Asn374) and the N-terminus of nsP4 es-
pecially in the RC
minus
 (Wang et al., 1991;
Shirako et al., 2000; Hahn et al., 1989b;
Fata et al., 2002b, respectively). The N-ter-
minus of nsP4 has also been suggested to
interact with nsP2 (Val425, Hahn et al.,
1989a) and with nsP3 (Ala268), the latter
being linked also to nsP1 (Wang et al.,
1994). These potential nsP interactions
were not detected in our two-hybrid analy-
sis. The current data about the domains in-
volved in nsP interactions remains specu-
lative.
An additional aspect of the organiza-
tion of the RC
minus
 is that evidently it does
not accomplish RNA capping activity,
since minus strands lack the cap structure
(Wengler et al., 1982). Helicase activity is
also uncertain. In the RC
minus
 nsP2 carry-
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ing the helicase domain is part of the P123,
and thereby fixed to the membrane, mak-
ing the helicase activity sterically very
challenging. However, the enzymatic ac-
tivities participating in the capping and
helicase processes were detectable in the
polyprotein precursors (III), reflecting the
situation in the RC
minus
. For related viruses
the NTPase/helicase activity is shown to
be essential for the initiation of the minus
strand synthesis, but it cannot be ruled out
that the effect is connected to the recruit-
ment of template (Ahola et al., 2000a). For
SIN, the mutations mapping to NTPase/
helicase domain prevent the conversion of
the RC
minus
 to RC
plus
, which was speculated
to result from the failure in the template
release or in the promoter recognition in
RC
minus
 and RC
plus
, respectively (Dé et al.,
1996). Taking together, it is possible that
the helicase and capping domains within
RC
minus
 carry out functions not directly in-
volved in their pure enzymatic activity but
rather act as regulators. If so, it cannot be
ruled out that the minus strand synthesis
is carried out by single P123 and nsP4
molecules. The probable requirement for
additional P123 molecules in the forma-
tion of the spherule was discussed earlier.
Most plant viruses within the
alphavirus-like supergroup encode their
polymerase domains either after read-
through of an amber stop codon or from a
different RNA molecule than other repli-
case proteins (van der Heijden and Bol,
2002). In several cases the polymerase is
underproduced in relation to the other rep-
licase proteins, and often the polymerase
complexes contain more methyltransferase
and helicase domains compared to poly-
merase domains. This has been shown e.g.
for BMV (Schwartz et al., 2002) and TMV
(Watanabe et al., 1999). Most helicases are
known to function as oligomers (Egelman
et al., 1995; Levin and Patel, 1999). NsP1,
on the other hand, always appears in agg-
regates, displaying its intrinsic tendency
to multimerize (Laakkonen et al., 1994).
It thus seems plausible that nsP2 and nsP1
are present as several copies in the RC
plus
.
Our rough estimation from the immuno-
precipitation studies suggested that RC
plus
might contain nsP1, nsP2, nsP3 and nsP4
in a ratio 4:1:2:1, where each nsP is very
likely represented by more than one mol-
ecule. Additionally, nsP2 is believed to act
as a transcription factor in the synthesis
of the subgenomic RNAs. In this role it
may be soluble and not part of the RC
plus
.
Remembering the critical role of the
polyprotein in the recruitment of nsP2 to
site of replication, all nsP2 molecules in-
side spherules must be transferred there as
a part of the polyprotein and separated in
situ (III). Altogether, the stoichiometry of
the nsP domains and their mutual interac-
tions might be different between the
RC
minus
 and RC
plus
.
Participation of the different host fac-
tors in minus and plus strand synthesis has
been suggested. Mosquito La protein,
binding to the 3´ end of cellular transcripts,
was shown to bind to the promoter region
of SIN minus strands with high efficiency,
and can thus be involved in the initiation
of plus strand RNA synthesis (Pardigon
and Strauss, 1996). On the other hand,
calreticulin may be involved in the RC
minus
based on its reported interaction with the
Rubella virus plus strand RNA (Singh et
al., 1994). As certain nsP4 mutations af-
fecting minus strand synthesis manifest
differently in mammalian and insects cells,
host factors are likely to somehow contrib-
ute to the switch between minus and plus
strand synthesis (Lemm et al., 1990; Fata
et al., 2002a). Minus strand synthesis
failed to shut off in cells infected with SFV
or SIN and lacking RNase L, a host de-
fence enzyme activated by dsRNA, sug-
gesting that the regulation of alphavirus
RNA synthesis might be affected by the
host response (Sawicki et al., 2003). In
order to characterize the host proteins as-
sociated with the alphavirus replicase one
could utilize two methods employed in the
current work, namely immunoprecipita-
tion-recapture and chemical cross-linking.
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Fixation of the complex prior to
immunoprecitation analysis should result
to the recovery of all RC subunits, includ-
ing the host factors, which could be then
identified e.g. by mass spectrometric map-
ping.
3. Functional significance of the
nsP1 membrane binding peptide
In order to better understand the membrane
binding mechanism of nsP1 in eukaryotic
cells we studied the phenotypical effect of
altered residues within the previously dis-
covered BP region (Ahola et al., 1999;
Lampio et al., 2000). These mutations were
chosen on the basis of their dramatically
reduced membrane binding and methyl-
transferase activities after in vitro or E.coli
expression (Ahola et al., 1999; IV, Table
2), and they were further analysed in re-
spect to their ability to bind membranes in
the environment of virus infection, i.e. in
mammalian cells. Based on the results, the
present mutations could be categorized
into two subsets: First, mutations R253A,
K254E, L255A+L256A and R257E had
only minor effects to the degree of the
membrane association, and virtually no
effect to the subcellular localization when
compared to that of the wt nsP1. Impor-
tantly, infectious SFV RNAs carrying
R253A, K254E, L255A+L256A or R257E
mutation were able to replicate and initiate
infection. Second, mutations R253E and
W259A dramatically affected the localiza-
tion of proteins, transforming the typical
plasma membrane distribution of nsP1 to
a cytoplasmic one. According to the
immuno-EM R253E and W259A were dis-
tributed between the cytosol and unspeci-
fied cytoplasmic membranes. In the flota-
tion assay almost half of the R253E and
W259A appeared to be associated with the
HeLa cell membranes, even though their
binding to the liposomes was very scarce
(IV, Table 2). When introduced to the in-
fectious clone of SFV, both of these muta-
tions were lethal. In contrast to the origi-
nal mutational analysis, where the rate of
the lipid binding and the enzymatic activ-
ity correlated clearly, the situation in vivo
appears to be more complex. The primary
defect causing the lethal phenotype of
R253E and W259A is not likely the quan-
titative loss of the membrane attachment,
since nonpalmitoylated nsP1, about half of
which also floated with the membranes
under similar conditions, is viable when
introduced to the SFV genome (Ahola et
al., 2000b). We also characterized the
palmitoylation status of the BP mutants,
since it considerably contributes to the
membrane binding properties of nsP1 in
eukaryotic cells. Mutants, which were not
localized to the plasma membrane were
very poorly palmitoylated in comparison
to the other mutants or wt nsP1. Since
palmitoyl acyltransferase activity, which is
responsible for the addition of the palmi-
tate, is tightly membrane associated and
enriched in the plasma membrane (Dunphy
et al., 1996), it can be assumed that R253E
and W259A remained nonpalmitoylated
due to their inaccessibili ty to the
palmitoylating enzyme. Most likely the
initial membrane association of nsP1 takes
place via the BP, allowing subsequent
palmitoylation to take place to further sta-
bilize the contact between nsP1 and the
membrane.
The binding of the amphipathic α-
helix, consisting of amino acids 245-264
of nsP1, to the cytoplasmic leaflet of the
membrane bilayer (plasma or endosome
membrane) is believed to happen as a com-
bination of electrostatic and hydrophobic
interactions (I, Fig 3). On the positively
charged face of the helix only arginine 253
(out of R253, K254 and R257; IV, Fig. 1B)
turned out to be critical for the localiza-
tion of nsP1 and for the infectivity of the
virus. There is no clear explanation for
that, since the cluster of basic amino acid
is likely to contribute to the positive net
charge of the helix, and thereby increase
its electrostatic affinity towards anionic
lipid head groups. Interestingly, the modi-
fication R253A (to a neutral aa) compared
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to R253E (to a negatively charged aa) had
only minor effect, emphasizing the criti-
cal role of this residue in the electrostatic
interaction. On the hydrophobic face of the
helix, which penetrates into the membrane
interior, substitution of conserved leucines
255 and 256 to alanine did not signif i-
cantly change the localization of the pro-
tein, whereas W259A had as dramatic ef-
fect as R253E. The role of the tryptophan
appears to be central in numerous protein-
membrane interactions (Schiffer et al.,
1992; Campos et al., 1998, Gelb et al.,
1999). The ability of a tryptophan to pen-
etrate into the bilayer allows it to act as an
anchor, which facilitates the correct posi-
tioning of the neighbouring residues and
maximizes their favourable contacts,
thereby resulting in the overall stabiliza-
tion of the contact between the protein and
the membrane. The stabilizing effect of
W259 in nsP1 is apparently crucial for its
affinity towards the membrane, since non-
specific electrostatic interactions as such
might not be sufficient. It seems clear that
the tight membrane binding of nsP1 and
its high affinity to the specialized mem-
brane compartment is achieved co-opera-
tively from relatively weak separate inter-
actions. Firstly, the initial electrostatic con-
tact is stabilized by the insertion of the hy-
drophobic side chains into the bilayer, and
both types of interactions are additionally
strengthened through the oligomerization
of nsP1. Secondly, nsP1 is fixed to mem-
brane by the palmitoylation. The existence
of additional, more specif ic and high af-
finity receptors (protein or lipid) further
strengthening the binding of nsP1 to mem-
branes cannot, however, be excluded.
The typical nsP1 localization coin-
cides with the high concentration of the
negatively charged phospholipids, which
are required for the correct folding and
enzymatic activity of nsP1 (Ahola et al.,
1999). The role of the BP and its positive
electrostatic charge in nsP1 targeting was
conf irmed by the ability of the tandem
peptide to retarget GFP to the plasma
membrane. The role of a polybasic stretch
and palmitoylation in plasma membrane
targeting has been reported elsewhere as
well (McCabe and Berthiaume, 1999). Ac-
cording to our result the subcellular local-
ization of nsP1 is critical for its ability to
support the replication. In R253E and
W259A the alteration of contact surfaces
within amphipatic helix resulted in the
mislocalization of the mutant protein, and
consequently in the inaccessibility to acti-
vating lipids. Another positive strand RNA
virus, flock house virus, was recently re-
ported to replicate to high titers when re-
targeted from the mitochondrial mem-
branes, i.e. its normal replication site, to
the ER (Miller et al., 2003). Although an
insect virus, it replicates e.g. in yeast cells,
reflecting its overall flexibility in the uti-
lization of host components. Evidently dif-
ferent plus strand viruses possess variable
degree of selectivity towards the lipids and
proteins recruited to assist their replica-
tion.
4. Regulation of replication
The results of the present study increase
our understanding on several steps of the
alphavirus replication, especially those of
early infection when RNA polymerase is
formed. The initial polymerase complex,
consisting of P123 and nsP4, must recruit
it own mRNA as a template for the repli-
cation. If the switch from the translation
to replication does not take place immedi-
ately, the nascent polyproteins attach to the
close vicinity of the original complex, thus
creating a cluster of RC
minuses
. The mecha-
nism of the separation of translation and
replication of the same RNA molecule is
not clear, but is probably achieved by mul-
tiple means. The formation of spherules
might co-operate in the separation of com-
peting processes by creating a restricted
space for the replicase from the surround-
ing membrane. The RC
minus
 binds both ends
of the template RNA, and the conserved
sequences at the 5´and 3´ends of the ge-
nome seem to be important for the initia-
tion of the minus strand synthesis, al-
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though it is not known whether the recog-
nition is mediated by viral or cellular pro-
teins (Strauss and Strauss, 1994). If there
are surplus P123 molecules shaping the
spherule, i.e. in the close vicinity of the
catalytic replication machinery, either nsP4
or a cellular component of the initiation
complex must selectively bind the 3´end
of genomic RNA to assure its contact with
the core polymerase. The requirement for
the continuous protein synthesis during
minus strand production implies that the
turnover rate of the individual P123 mol-
ecules is fast, enabling maybe the synthe-
sis of only one minus strand per replicase.
The production of minus strands stops
when 1/2 and 2/3 sites of the P123 are
cleaved. The polyprotein processing and
its regulation have been thoroughly stud-
ied in our laboratory (Merits et al., 2001;
Vasiljeva et al., 2001 and 2003), resulting
to following conclusions. The 1/2 cleav-
age is unambiguously taking place in cis,
whereas 2/3 site is cleaved in trans. Pro-
cessing of the 2/3 site is the critical cleav-
age inactivating the RC
minus
 (Lemm et al.,
1994 and 1998). Since the cleavage be-
tween nsP1 and nsP2 is required to enable
the 2/3 cleavage (Shirako and Strauss,
1990; Merits et al., 2001; Vasiljeva et al.,
2001 and 2003), the in cis 1/2 cleavage can
be considered as a switch controlling the
conclusive 2/3 cleavage determining the
strand specificity of the RC.
The first round of RNA synthesis pro-
duces a replicative form consisting of
complementary strands annealed together.
This dsRNA probably serves as a template
for plus strands. It is logical to assume that
upon switch from RC
minus
 to RC
plus
the tem-
plate is not released but the polymerase
rather accepts another strand as a template.
Cleavage-triggered conformational rear-
rangements are likely to contribute to the
template switch, possibly through altered
protein-RNA interactions mediating the
RNA recruitment. As a result, eff icient
synthesis of the plus strand genomic and
subgenomic RNAs begins by semicon-
servative manner. The displaced plus
strands from the hybrid double stranded
molecules are released to the cytoplasm
through the spherule orifice. Once in the
cytoplasm, the full length RNAs direct the
translation of new P1234 and P123 mol-
ecules. A subgenomic 26S RNA, tran-
scribed from an internal promoter and
equalling to the 3´-third of the genome,
encodes the structural polyprotein. Several
ts-mutants demonstrate that the synthesis
of the 26S RNA is regulated independently
of the genome synthesis, at least partly by
soluble nsP2 (see Introduction 1.5.3.).
Since RC
plus
 is a stable structure and con-
tinues to produce plus strands once started,
the accumulation of nsP2 protease even-
tually results in practically co-translational
processing of the nascent polyproteins,
making the formation of new minus strand
RCs very inefficient. This represents the
point when the synthesis of the minus
strands irreversibly shuts off (3-4 h p.i.;
Sawicki and Sawicki, 1980). As an out-
come of the regulated processing, the to-
tal amount of synthesized minus strands
remains about f ive percent of that of the
plus strands (Sawicki and Sawicki, 1980).
It is, however, a sufficient supply of tem-
plates allowing efficient RNA amplifica-
tion and manifestation of infection. Impor-
tantly, the amount of RC
pluses
appears to be
regulated by the proteolytic processing as
well. Active 2/3 trans-cleavage, dominat-
ing when free nsP2 is present in high con-
centrations, results in an alternative pro-
cessing pathway producing first P12 and
P34 (Lachmi and Kääriäinen, 1976;
Lehtovaara et al., 1980; Merits et al.,
2001). This pathway does not lead to func-
tional polymerase complexes but instead
is a dead-end occurring only late in infec-
tion when new replicase units are not any-
more required.
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CONCLUDING REMARKS
As approved, the nonstructural polypro-
teins of alphaviruses are not just structural
precursors of mature RNA replicating pro-
teins. Instead, the catalytic activity of
polyproteins, being irreplaceable by the
cleavage products, is required to initiate
the replication cycle. The regulated pro-
cessing of polyproteins plays a key role in
the regulation of RNA replication and con-
sequently, in the synthesis of the viral pro-
teins, affecting it both temporally and
quantitatively. It remains to be solved
whether the precursors also interact differ-
ently compared to their products, either
within nsP domains and/or in relation to
the other targets like host proteins and cis-
acting elements in the viral RNAs. This
study demonstrates that the polyprotein
precursors are indispensable also for the
proper assembly, targeting and membrane
association of the alphavirus replicase. A
special interplay between nsP1 and nsP3
domains within the polyprotein is required
for the correct localization of the initial
RC to the accurate target membrane, and
probably for its subsequent deformation
into spherules as well. The central impor-
tance of the membrane association for vi-
rus replication was confirmed in vivo by
addressing two single site mutations within
the membrane binding region of nsP1, both
individually sufficient to impair virus rep-
lication. Polyproteins and their processing
into end products allow the creation of
molecules with different properties from
the same amino acid sequence, which is a
fundamental strategy to compensate the
limited coding capacity of viral genomes.
Concluding remarks
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